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[57] ABSTRACT 

A process for producing charged uniformly sired metal 
droplets in which a quantity of metal is placed in a 
container and liquified, the container having a plurality 
of orifices to permit passage of the liquified metal there- 
through. The liquified metal is vibrated in the container. 
The vibrating liquified metal is forced through the ori- 
fices, the vibration causing the liquified metal to form 
uniformly sized metal droplets. A charge is placed on 
the liquified metal either when it is in the container or 
after the liquified metal exits the container, the charging 
thereof causing the droplets to maintain their uniform 
size. The uniformly sized droplets can be used to coal a 
substrate with the liquified metal. 

19 Claims, 3 Drawing Sheets 




01/08/2004, EAST Version: 1.4.1 



/ 

» 

U.S. Patent 



Nov. 30, 1993 Sheet 1 of 3 5,266,098 



18 



31 



OSCILLOSCOPE 



25 
t 

FUNCTION 
GENERATOR 



TRANSFORMER - AMPLIFIER 



T 
29 



30, 



27 



TEMPERATURE 
CONTROLLER 



22 / 



1 



38 



16 
40 



15 

jL 



VIDEO 
CAMERA 

r 



46 



10 



4* 



50 



A 

52 



Z2 



3i- 



1' ✓ 



20 



D.C. 
VOLTAGE 
SOURCE 



strobe| 

48 



32 



REGULATED 
N ITROGEN 
SUPPLY 



36 



REGULATED 
NITROGEN 
SUPPLY 



15 




SUBSTRATE 



-12 



FIG. I 



01/08/2004, EAST version: 1.4.1 



U.S. Patent 



Nov. 30, 1993 



Sheet 2 of 3 



5,266,098 




Figure 2 



01/08/2004, EAST Version: 1.4.1 



U.S. Patent Nov. 30, 1993 Sheet 3 of 3 5,266,098 



Charge 
Source 



70 



72 



Pulsed 
Gas Supply 



30 



Temperature 
Controller 



60 



! 




50 



* • V • 



Substrate 



I 



Figure 3 



01/08/2004, EAST Version: 1.4.1 



5,266,098 



PRODUCTION OF CHARGED UNIFORMLY 
SIZED METAL DROPLETS 

This invention was made with government support 
under grant Number DDM-90 11490 awarded by the 
National Science Foundation. The government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

The production of metal droplets is useful in a variety 
of research and commercial applications. Such applica- 
tions include metal powder production, rapid solidifica- 
tion research, spray forming of discrete parts, spray 
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the charge on the droplets makes it possible to manipu- 
late the flight of the droplets with externally applied 
electric fields. 

It is another object of the present invention to pro- 
duce charged uniformly sized metal droplets for use in 
research and commercial applications. 

SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to a 
process and apparatus for producing and maintaining 
charged, uniformly sized metal droplets and to the 
charged uniformly sized metal droplets themselves. As 
used herein "maintaining" means that the droplets once 
formed remain uniformly sized until they either solidify 



forming of strips, spray forming of metal-matrix com- 15 or are collected on a substrate. 



20 



poshes and metal coating. In carrying-out these applica- 
tions, there are a variety of methods used to produce the 
metal droplets such as atomization of molten metal by 
gas jets or by high pressure water, spraying molten 
metal onto a spinning disc (melt spinning) or into a 
vacuum to form discrete particles, vaporization of metal 
in a vacuum followed by condensation, fusion of metal 
in a vacuum followed by condensation, fusion of metal 
by an electric arc followed by the formation of droplets 
which are forced out of the arc zone, and forming a 25 
molten surface on a metal rod and agitating the metal at 
an ultrasonic frequency. 

Another technique to generate metal droplets, partic- 
ularly for research purposes, is electrohydrodynamic 
(EHD) spraying. The EHD technique comprises the 
use of a very intense electric field at the tip of a capillary 
tube through which molten metal flows. The electro- 
static stresses applied by the electric field at the tip of 
the small capillary tube result in a highly dynamic pro- 
cess at the charged liquid surface, resulting in charged 
droplet formation. EHD processes and variations 
thereto are disclosed in U.S. Pat. No. 4,264,641 and 
"Application of Electrohydrodynamic to Rapid Solidi- 
fication of Fine Atomized Droplets and Splats," Perel 
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The process of the present invention requires the use 
of an apparatus comprising a spray chamber and a drop- 
let generator disposed within the spray chamber for 
producing charged uniformly sized metal droplets and 
preferably a monitoring system for monitoring and 
controlling the droplet formation process. The droplet 
generator generally comprises a container for holding 
and liquefying a charge of metal, a forming means for 
forming uniformly sized metal droplets, and a charging 
means for charging the metal droplets. The forming 
means is preferably either a vibrating means for vibrat- 
ing the molten metal in the container or at least one 
oscillating gas jet disposed outside the container at the 
point where the liquefied metal exits the container. 

The process generally comprises liquefying metal in 
the droplet generator container which has at least one 
droplet -forming spray orifice, charging the liquefied 
metal, and forcing the liquefied metal through the at 
least one orifice and thereafter forming charged uni- 
formly sized liquid metal droplets which maintain their 
uniform size. 

In one embodiment the liquefied metal is formed into 
uniformly sized metal droplets by vibrating the liquid 
metal while it is in the container and forcing it out of an 



et al, Mar. 23-26, 1980, at the Conference on Rapid 40 orifice in the container so as to form metal droplets. As 



Solidification Processing, Principles and Technologies, 
II, Reston Va. 

While each of these known processes have their ad- 
vantages and have achieved varying degrees of success, 
none of them is capable of producing with any consis- 45 
tency metal droplets uniform in size, shape, initial ve- 
locity, and thermal state. 

Ink jet printing processes, while producing uniform 
liquid droplets, are not concerned with producing 
charged uniformly sized metal droplets. Also, maintain- 
ing a separation between droplets is not a problem or an 
issue in ink jet printing because the distance from the ink 
nozzle to the printing surface (paper) is no more than a 
few centimeters. This is unlike metal droplet processes 
wherein the distance from droplet formation to the 
substrate or collector needs to be sufficiently extended 
for the metal droplets to cool and at least partially solid- 
ify. As such the distance generally must be at least about 
25 centimeters. At such a distance, droplets in a stream 



50 



55 



the liquefied metal exits the at least one orifice as a jet, 
the imposed vibrations in the liquefied metal cause it to 
break up into uniformly sized metal droplets. In an 
alternative embodiment at least one oscillating gas jet is 
positioned at the exit point of the liquefied metal from 
the container to create the uniformly sized metal drop- 
lets. 

In both of these embodiments, the metal droplets may 
be charged by either charging the liquefied metal while 
it is in the container or by charging the droplets as or 
after they are formed after exiting the container. 

After the metal droplets are formed, they continue 
their descent through the spray chamber to a collecting 
means such as a substrate. The end use application of 
the metal droplets will, of course, determine the compo- 
sition of the droplets and the substrate. The substrate 
may include a powder collection container, a metal or 
ceramic plate for producing deposits, a half-mold for 
producing shapes, a roller for producing sheets, a wire, 



broken from a jet would naturally merge with one an- 60 a part to be coated, and a metal sheet. 



other, with the merging destroying any uniformity of 
initial droplet distribution. 

Accordingly, it is an object of the present invention 
to develop an apparatus and process for producing 
charged uniformly sized metal droplets. By virtue of the 65 
charge, droplets are prevented from merging in flight 
and thus they can remain uniformly sized until they 
solidify or are collected on a substrate. Furthermore, 



The metal droplets formed using the process and 
apparatus of the present invention are in each case of 
uniform size and shape; i.e. they are substantially spheri- 
cal in shape and have diameters which vary in degree 
by no more than about ±25%, preferably by no more 
than about ±10%, still more preferably by no more 
than about ±5%, still more preferably by no more than 
about ±3%, and most preferably by no more than 
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about ±1%. The metal droplets are formed having this 
uniformity without the need for any size classification 
procedures. As used herein "metal droplets" includes 
both liquid and solid metal droplets. The process of the 
present invention is capable of producing metal droplets 
having diameters which may be controlled to be within 
the range of from about 10 to 500 micro-meters (u-m), 
depending upon the specific process conditions em- 
ployed. 

The process and apparatus of the present invention 
are useful in numerous end use applications including 
uniform powder production, rapid solidification re- 
search, spray forming of discrete parts, spray forming of 
strips, spray forming of metal matrix composites, and 
metal coating. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of the first embodi- 
ment of the metal droplet formation apparatus of this 
invention. 

FIG. 2 is a cross-sectional view of the metal droplet 
generator of the apparatus of FIG. 1. 

FIG. 3 is a cross-sectional view of the second em- 
bodiment of the metal droplet formation apparatus of 
the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring now to the drawings, the process and appa- 
ratus for use in carrying out the process will now be 
described. 

As shown 'in FIG. 1, a droplet formation apparatus 10 
generally comprises a spray chamber 12, a droplet gen- 
erator 14, and a monitoring system 15. As best shown in 
FIG. 2, the droplet generator 14 generally comprises a 35 
container 16, a vibrating means shown generally as 
member 18, and a charging system 20. The vibrating 
means 18 comprises a function generator 25, an ampli- 
fier 27, a transformer 29, an oscilloscope 31, and a piezo- 
electric transducer 22, such as a lead metaniobate piezo- 40 
electric transducer, connected to a shaft 24 and disk 25 
which extends into container 16 and into a liquefied 
metal 26. The vibrating means produces small, regular 
oscillations through the orifices 28 that break the jet of 
liquefied metal being forced through the orifices into 45 
uniform metal droplets as the metal jets exit the orifices. 
The metal droplets then pass through a charging plate 
40 with a suitable opening for each jet or set of jets. The 
charging plate 40 is positioned at about the point where 
the jets of metal break into individual droplets. The 50 
function generator, amplifier, and transformer drive the 
piezo with up to about 300 volts at about 1 to 100 kHz. 
At this voltage, a 3.2 mm thick lead metaniobate piezo 
transducer vibrates with an amplitude of about 0.1 fim. 
Any piezo transducer which will produce vibrations of 55 
a similar magnitude may be used. The vibrations are 
transmitted down the shaft 24 through the disk 25 and 
into the liquefied metal 26. The shaft protects the piezo 
from the heat of the liquefied metal 26 and the vibra- 



shaft will extend about 10 cm above the molten metal. 
In an alternative embodiment (not shown) the piezo 
transducer based vibrating means may be replaced by 
an electro-mechanical agitator. 

The container 16 is constructed of a suitable material 
for holding molten metal such as, for example, a higher 
melting point metal like stainless steel or a ceramic such 
as fused silica, graphite, or alumina. The container is 
provided with an air tight seal (not shown) at its top 
such as a knife edge rim against a soft copper gasket. 
The bottom of the container 16 has at least one, but 
preferably a plurality of orifices 28 through which liq- 
uefied metal 26 is forced as jets. While any suitable 
materia] may be used to form the orifices 28, they are 
preferably drilled in sapphire or ruby jewels such as 
those supplied by Bird Precision of Waltham MA. Pref- 
erably, they have length to diameter ratios of about one, 
polished inner diameters, and sharp, burr-free edges. 
The orifice jewels are mounted in pockets on the bot- 
20 torn of the container, preferably with a high tempera- 
ture ceramic adhesive. Depending upon the end use of 
the metal droplets, the orifice sizes and number of ori- 
fices may be varied. For example, for spray character- 
ization experiments only a single orifice need be used. 
For spraying deposits, a grid orifice having up to about 
100 individual orifices can be used to create high mass 
fluxes. Orifice diameters may range from about 25 to 
250 ^.m. An orifice with a diameter of 50 /im can pro- 
duce droplets having diameters of from about 80 to 1 10 
um An orifice with a diameter of 75 u.m produces 
droplets having diameters of from about 120 to 165 jim. 
An orifice with a diameter of 100 jim produces droplets 
with diameters of from about 160 to 220 ^m. The exact 
size of the droplets produced is a function of the jet 
diameter (d), the jet velocity (V), and the frequency of 
the imposed vibrations (0- The jet diameter (D) is deter- 
mined primarily by the orifice diameter but also is a 
function of the jet velocity. The general relationship 
among these parameters is: 



25 



30 



"TT" 



Associated with the container 16 is a temperature 
control system 30 which includes a heating means 33 for 
melting the metal 26 within the container 16. While any 
suitable temperature control system may be employed, 
as shown in FIG. 2, it is presently preferred to employ 
a system comprising two 300 watt resistance band heat- 
ers, two thermocouples 35 and 37 (one in the melt 26 
and one at an orifice 28), a digital temperature control- 
ler (not shown) and a temperature display (not shown). 

Associated with both the droplet generator 14 and 
the spray chamber 12 is a pressure and atmospheric 
control system. As best shown in FIG. 1, the pressure 
control system controls the atmosphere in the spray 
chamber 12 and forces liquefied metal from the con- 



tainer 16 through the orifices 28. The system comprises 
tions transmitted through the liquefied metal cause the 60 two regulated gas supplies 32 and 36, a vacuum pump 



metal jets to break into uniform droplets as they exit the 
spray orifices 28. In order for the piezo to operate it 
must be maintained sufficiently below its Curie temper- 
ature so that it does not de-pole and lose its piezoelec- 
tric characteristics that enable it to vibrate. The length 65 
of the shaft therefore depends upon the temperature of 
the molten metal in the container and on the Curie 
temperature of the piezo-electric crystal. Typically, the 



34 and a three-way valve 38 that connects the container 
16 to either the spray chamber 12 or one of the pressure 
sources 32. The other pressure source 36 and the vac- 
uum pump 34 are connected directly to the spray cham- 
ber 12. The presence of oxygen in the spray chamber 
hinders and may prevent the formation of the metal 
droplets. Accordingly, the atmosphere within the spray 
chamber and the container is substantially oxygen-free. 
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To accomplish this, the apparatus is evacuated and 
flushed with an inert gas such as nitrogen, argon, or 
helium before being operated. The inert gas atmosphere 
is maintained during use. 

A pressure differential across the orifices 28 between 5 
the container and spray chamber of at least about 5 psi 
is required to form a jet of liquefied metal. A pressure 
differential of between about 20 and 100 psi is preferred. 
To avoid producing a jet prematurely, container 16 is 
connected to the spray chamber 12 during the oxygen 10 
evacuation and flushing procedure prior to use. This 
equilibrates the pressure in the spray chamber and the 
container 16. Then, to create a liquid jet, the three-way 
valve 38 is turned to the pressure source 32 to produce 
the desired pressure differential needed to produce a 15 
liquid jet. 

The droplet charging system 20 generally comprises 
a charging plate 40 having holes 42 which are aligned 
with the orifices 28 to permit the flow of metal droplets 
44 therethrough and a voltage source 41. The plate 40 is 20 
preferably made of a highly conductive metal such as 
brass, copper, steel or aluminum and is about 1 to SO mm 
thick. The holes 42 are generally of from about 1 to 25 
mm in diameter. The charging plate 40 is typically 
about 25 to 100 times as thick as the diameter of the 25 
orifices 28 and the diameter of the holes 42 is typically 
about 10 to 50 times the diameter of the orifices. The 
charging plate is positioned so that the jets from the 
orifices break into droplets as they pass through the 
holes in the plate. When the plate 40 is held at a voltage 30 
with respect to the liquid jet, the combination of this 
voltage and the capacitance between the plate and jet 
brings a charge to the section of the jet passing through 
the holes 42. As each droplet 44 breaks from the jet 
stream, it retains a portion of the charge. With charging, 35 
the droplets repel each other in flight and scatter into a 
cone shape as they fall towards the substrate 50. The 
amount of scatter can be controlled by varying the 
charging voltage. 

The monitoring system 15 comprises a CCD video 40 
camera 46 with a microscopic 200m lens and a strobe- 
light 48 that is synchronized with the piezo driving 
signal. The monitoring system may also include a sec- 
ond strobe for measuring droplet velocities which can 
be of importance for certain applications such as spray 45 
forming and coating. The monitoring system takes real- 
time pictures of the droplet stream. These picture pro- 
vide feedback that allows an operator to control droplet 
size and to adjust the pressure differential and vibration 
frequency to avoid satellite droplet formation. 50 

The spray chamber 12 is an air-tight sealed chamber 
which maintains a substantially oxygen-free atmosphere 
which is beneficial for proper droplet formation. The 
spray chamber 12 is made from any suitable, preferably 
translucent, material including acrylic and glass. 55 

The substrate 50 used in this embodiment to collect 
the metal droplets may be made from any suitable mate- 
rial including metal, ceramic, and glass. The substrate 
may also be connected with a heating/cooling system 
(not shown) and a height adjustment mechanism 52 for 60 
adjusting the height of the substrate in the spray cham- 
ber 12. 

In operation, the process using the apparatus of 
FIGS. 1 and 2 is carried out by first inserting metal 
material in the form of chips, ingots, or shot into the 65 
container 16. Any suitable metals such as tin, zinc, lead, 
aluminum, titanium, iron, nickel, as well as mixtures or 
alloys thereof may be used depending upon the end use 
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application. The container and spray chamber are then 
sealed and flushed with an inert gas such as N2, Ar or 
He to remove the oxygen. The container and metal 
material are then heated until the metal material melts 
and the temperature is then maintained at or above the 
melting temperature of the particular metal material. 
The function generator 25, amplifier 27, transformer 29 
and oscilloscope 31 are then turned on to apply a signal 
of from about 100 to 300 volts at about 1 to 100 kHz. 
This signal vibrates the piezo transducer 22 which vi- 
brates the shaft 24 and disk 25 and thus the melted 
metal. By applying a pressure differential between the 
container and spray chamber the liquefied metal is 
forced through the orifice or orifices 28 in the bottom of 
the container 16. A potential of about 50 to 5000 volts is 
applied to the charging plate 40 and as the liquefied 
metal jet passes out of the orifices 28 and through the 
hole or holes in the charging plate, it brcaks-up into 
uniformly sized droplets which are charged. These 
metal droplets then continue their descent. The actual 
charge imparted on each droplet is a function of the 
diameter of the droplet, the diameter of the hole in the 
charging plate through which the droplet has passed, 
and the voltage between the charging plate and the 
liquid metal jets. A charge on a droplet on the order of 
10- 7 coulombs/gram is currently preferred. Depending 
on the end use, the metal droplets may solidify in flight 
or remain in a semiliquid or liquid state at the point they 
reach the substrate or collecting surface. 

As defined herein uniformly sized metal droplets 
means that the droplets produced under defined process 
and equipment conditions, are substantially spherical in 
shape and vary in diameter by not more than about 
±25%, preferably by not more than about ±10%, still 
more preferably by not more than about ±5%, still 
more preferably by not more than about ±3%, and 
most preferably by not more than about ±1%. This 
process and apparatus is capable of producing metal 
droplets having sizes ranging from about 10 to 500 mi- 
cro-meters in diameter. 

An alternative embodiment of the present invention is 
shown in FIG. 3. In this embodiment like parts have the 
same reference numerals as in the embodiment of FIGS. 
1 and 2. Such parts function in the same or similar man- 
ner. As shown, the charged metal droplet apparatus 60 
comprises a container 66 having a temperature control- 
ler 30 and heating elements 33 for liquefying the metal 
76 within the container 66. Unlike the embodiment of 
FIGS. 1 and 2, the charge is applied to the metal before 
it is formed into droplets by charging the liquefied metal 
66 in the container using charging means 70. A suitable 
charging means would be a Van de Graaff generator. 

Like the container of FIG. 2, container 66 has an 
orifice 68. Although only one spray orifice is shown, the 
container may have a plurality of spray orifices. The 
orifices are produced of the same materials as the ori- 
fices of the container of FIG. 2 and have diameters of 
about 2 and 10 mm. As the liquefied metal 76 is forced 
out of the container 66 through the orifice 68 it is sub- 
jected to oscillating gas jets 74 of an inert gas such as 
nitrogen, argon or helium. The gas jets 74 oscillate at a 
frequency of from about 1 to 500 kHz. A pulsed gas 
supply 72 is fed to the gas jets 74. The gas has a velocity 
between about 50 and 1,000 m/sec. The jet of liquid 
metal, once contacted by the oscillating gas jets which 
result in gas pulses, breaks up into a narrow distribution 
of metal droplets that is narrower than the distributions 
which are generated by conventional gas atomization 
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techniques which do not use the oscillating gas jets. The 
spray chamber also contains a substrate 50 for the col- 
lection of the metal droplets. 

Alternatively, either the metal droplet forming pro- 
cedure using pulsed gas atomization may be used with a 5 
charging plate or the metal droplet forming procedure 
using vibratory means may be used with a charging of 
the liquefied metal in the container, i.e. before forming 
droplets of the metal. 

The charged uniformly sized metal droplet apparatus }fi 
and process of the present invention may be used in for 
a variety of different commercial and research applica- 
tions. They are useful in the production of uniformly 
sized metal powders. With the apparatus and process of 
this invention, no seiving or other size classification 15 
procedures are required to obtain uniformly sized pow- 
ders. The apparatus of the present invention is also 
useful in rapid solidification research on a droplet 
source that can be controlled to repeatedly produce 
droplets having specified diameters, initial velocities 20 
and thermal states. The apparatus can be used to pro- 
duce single droplets by either selectively charging a 
single droplet and deflecting it or by charging all the 
droplets in a stream but one and then deflecting away 
the unwanted charged droplets. 25 

The apparatus can also be used to perform fundamen- 
tal experiments on spray forming that will explain how 
different droplet impact states determine process yield 
and the porosity and microstructure of sprayed depos- 
its. In addition the apparatus can be used to seek distri- 30 
butions of droplets that can be produced by processes 
that are more efficient than gas atomization, but that 
produce deposits of the same or better quality as gas 
atomized sprays. By arranging the device's orifices in a 
line or long array, the apparatus can be used for the 35 
spray forming of metal sheets. It is difficult to spray 
form sheets with current spray forming techniques (that 
produce gaussian mass-flux distributions) because sheets 
must be nearly flat to be rolled. In conjunction with a 
device that sprays oppositely charged ceramic particles, 40 
the apparatus of the present invention can be used to 
spray form metal-matrix composites with excellent rein- 
forcement distribution. The droplets and reinforce- 
ments attract each other in flight and produce a more 
homogeneous distribution than can be produced by 45 
random mixing. 

The apparatus can be used to deposit uniform metal 
droplets onto a surface. Metal coating with this device 
may prove to be an effective method for applying metal 
coatings that have uniform properties and that are uni- 50 
formly thick. 

The apparatus and process of the present invention 
will now be described with reference to the following 
examples, which are illustrative of one of the embodi- 
ments of the present invention. 55 

EXAMPLE I 

Using an apparatus substantially as shown in FIGS. 1 
and 2, chips of tin metal (500 g) were placed in a 304 
stainless steel container. The tin was heated to a temper- 60 
ature of 300* C. to melt it. The tin was maintained at this 
temperature for the duration of the process. The spray 
chamber (a cast acrylic tube) and container were both 
flushed with Nj gas and an atmosphere of substantially 
pure N2 gas was maintained in both. A pressure differ- 65 
ential of 40 psi was built up between the container and 
the spray chamber forcing the tin through a single ori- 
fice of a sapphire jewel (100a. in diameter) in the bottom 
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of the container. At the same time, a function generator, 
amplifier, and transformer drove a lead metaniobate 
piezo-electric transducer with 300 volts at 15 kHz. At 
these conditions, the 3.2 mm thick crystal vibrated with 
an amplitude of 10" 7 m. These vibrations were trans- 
mitted down the shaft through the disk and into the tin. 
The piezo crystal was positioned 20 cm away from the 
tin melt. 

The jet of tin passed through the orifice in the bottom 
of the container and through a hole (3.2 mm in diame- 
ter) in a 6.4 mm thick charge plate positioned 2 mm 
below the bottom of the container. The charge plate 
was made of brass and was 5 cm in diameter. The 
charge plate was held at a potential of 400 volts with 
respect to the jet of tin. As the jet of tin passed through 
the hole in the charge plate it broke up into uniformly 
sized metal droplets which became charged and held a 
charge of 10- 12 Coulombs. The droplets fell 1.5 m to a 
glass substrate whereon they were collected. The drop- 
lets were solid when they contacted the substrate. 

The diameters of the metal droplets were measured 
and were found to be 190±5 u.m. The droplets had an 
initial velocity of 9 m/sec. The droplet diameters were 
measured using a microscope and micrometer table. It is 
believed that the actual droplet diameter distribution is 
actually smaller than that stated, but the method of 
determining the diameters is not capable of proving this. 
The initial velocity of the droplets was determined by 
measuring the spacing between the droplets with a 
CCD video camera with a microscopic zoom lens and 
multiplying by the frequency at which the droplets 
were formed. The droplet formation frequency was 
assumed to be the frequency at which the piezo was 
driven. 

EXAMPLE II 

The procedure of Example I was repeated except that 
the vibration frequency was changed to 20 kHz. This 
caused the resultant charged metal droplets to have a 
diameter of about 170 u.m, ±5 /im. 

EXAMPLE III 

The procedure of Example I was repeated except that 
the orifice diameter was changed to 45 fim and the 
vibration frequency was changed to 25 kHz. This 
caused the resultant charged metal droplets to have a 
diameter of about 100 u,m, ±3 jim. 

EXAMPLE IV 

The procedure of Example I was repeated except that 
the orifice diameter was changed to 45 jim and the 
vibration frequency was changed to 30 kHz. This 
caused the resultant charged metal droplets to have a 
diameter of about 94 jim, ±3 fim. 

What is claimed is: 

1. A process for producing and maintaining charged 
uniformly sized metal droplets comprising the steps of: 

(1) liquefying a quantity of metal disposed in a con- 
tainer having at least one orifice to permit the pas- 
sage of metal; 

(2) vibrating the liquefied metal in said container; and 

(3) forcing the vibrating liquefied metal through the 
at least one orifice; 

said method further including a step of placing a 
positive or negative charge on the liquefied metal, 
either before or after it exits the at least one orifice, 
the vibration thereof thereby causing said liquefied 
metal to form uniformly sized liquid metal droplets, 
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which droplets exhibit a degree of variation of less 
than about ±25% from the average droplet diame- 
ter, and the charging thereof causing said droplets 
to maintain their uniform size. 

2. The process of claim 1, wherein said vibrating step 5 
includes applying at least one oscillating gas jet to the 
liquified metal as it exits the at least one orifice. 

3. The process of claim 1, wherein the liquefied metal 
is charged after it exits the at least one orifice in the 
container. IP 

4. The process of claim 3, wherein the placing of a 
positive or negative charge on the liquefied metal com- 
prises using a charging plate having at least one opening 
therein aligned with the at least one orifice so as to 
permit the vibrated liquefied metal exiting the orifice to 15 
pass through the charging plate and become charged. 

5. The process of claim 4, wherein the liquefied metal 
is forced through a plurality of orifices forming a plural 



of from about 10 to 500 u,m and wherein the droplets 
exhibit a degree of variation of about ±10% of the 
average droplet diameter. 

10. The process of claim 1, wherein the liquefied 
metal is charged when it is in the container before it is 
formed into droplets. 

11. The process of claim 10, wherein said vibrating 
step includes applying at least one oscillating gas jet to 
the liquified metal as it exits the at least one orifice. 

12. The process of claim 10, wherein the uniformly 
sized droplets have a diameter which is within the range 
of from about 10 to 500 ftm and wherein the droplets 
exhibit a degree of variation of about ±5% of the aver- 
age droplet diameter. 

13. The process of claim 1, wherein the process fur- 
ther comprises depositing the charged droplets onto a 
substrate. 

14. The process of claim 1, wherein the uniformly 
sized droplets have a diameter which is within the range 



ity of streams of uniformly sized metal droplets and 

passing the droplets through a plurality of openings in 20 of from about 10 to 500 jim and wherein the droplets 

the charge plate thereby forming a plurality of streams exhibit a degree of variation of about ±5% of the aver- 

of charged uniformly sized metal droplets. age droplet diameter. 

6. The process of claim 3, wherein the uniformly 15. The process of claim 1, wherein the uniformly 

sized droplets have a diameter which is within the range sized charged metal droplets have an initial velocity of 

of from about 10 to 500 jim and wherein the droplets 25 from about 1 to 25 m/sec. 



exhibit a degree of variation of about ±5% of the aver- 
age droplet diameter. 

7. The process of claim 3, wherein said vibrating step 
includes applying at least one oscillating gas jet to the 
liquified metal as it exits the at least one orifice. 

8. The process of claim 7, wherein the placing of a 
positive or negative charge on the liquefied metal com- 
prises using a charging plate having at least one opening 
therein aligned with the at least one orifice so as to 



16. The process of claim 1, wherein the uniformly 
sized metal droplets are charged to about 10- 5 to 10~ 8 
Coulombs per gram. 

17. The process of claim 1, further comprising apply- 
30 ing an electric field in a flow path of the metal droplets 

to change their trajectories. 

18. The process of claim 1, further comprising moni- 
toring the charged metal droplets after formation to 



determine the sizes and the velocities of said liquid 
permit the liquefied metal exiting the orifice to pass 35 metal droplets. 

through the charging plate. 19. The process of claim 1, wherein the process is 

9. The process of claim 7, wherein the uniformly performed in an inert gas atmosphere, 
sized droplets have a diameter which is within the range • • • * • 
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[57] ABSTRACT 

Uniform droplets of a liquid are produced by position- 
ing the end of a capillary tube in the throat of a venturi. 
Gas flowing through the venturi detaches droplets from 
the end of the capillary tube without requiring high 
volume gas flow or excessively high velocity of the 
droplets. 
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1 

nROPT pt rv*nn> atta.-/-. 1Dtuni „„ combustion chambers to approach complete or nearly 

DROPLET GENERATING APPARATUS complete burnout. Note that the device of Bolt and 

_. . ... . - .. . ,. . Saad resulted in droplets which burned to -300 udiam- 

9l75« SwTiS apphca V/ n D Ser - I * > - e,W 0Ver the len S ,h of their combustor, far from com- 

917,288, fded on Oct. 9, 1986 now U.S. Pat. No. 5 plete burnout 

iEJft^tii C °? i S5f 0n ° f app,i - ltisan ob J ect of the ^ion «o provide apparatus 

cahon Ser. No. 596,990, filed Apr. 5, 1984, now aban- for producing uniform droplets of controlled, substan- 
tially smaller size in which the droplet spacing, and 

BACKGROUND OF THE INVENTION "utial vel °city can be regjulated. 

This invention relates to the generation of small, SUMMARY OF THE INVENTION 

widely spaced droplets of uniform size and more panic- In accordance with the present invention droplets are 

uJarly to the generation of such droplets by placing the induced by a venturi throat which product Wghveloc 

end of a capillary tube m a ventun throat. ity ga$ flow to detach uniform droplets from the end of 
«nipnri£ "f m laboratory experimentation and in 15 a capUlary tube. In accordance with the invention, the 

scientific analyses for the production of a stream of venhiri includes a converging-diverging nozzle wh ch 

uniform isolated droplets of liquid. Streams of small, forms droplets with good^ectoryf and wtoT Z de 

S™n, r rCqUired ' I""™*? fa sired dr °P'« ^ and spacing. ThTpresentTnvention 
testing aerosol standards for environmental toxicologi- alleviates problems associated with prior art apparatus 
cal studies, ink jet printing methods new ncbulization 20 including problems of droplet size and spacing, re- 
techniqucs for flame atomic absorption spectroscopy, stricted operating ranges, significant liquid volume re- 
SS2rf!Sf mveatl S" m & fast =h«nical reaction quirements, and cost and complexity of the apparatus 
kinetics, and new approaches to studying the combus- found in the prior art WP»"«*> 
tion behavior of fuels Several techniques are currently The foregoing and other objects, features and advan- 
ced for producing streams of smaU uniform droplets 2$ tages of the invention will be better understood from 
suitable for such applications See, for example, J. J. the following more detailed description and appended 
Sangiovanni and A. S. Kesttn, Combustion Science and claims w 
Technology 16, 59 (1977); J. C. Lasheras, A. C. Fer- 

nandez-Pello, and F. L, Dryer, Combustion Science DESCRIPTION OF THE DRAWINGS 

and Technology 21, 1 (1979); C. H. Wang, X. Q. Liu 30 FIG. 1 shows the droplet producing apparatus of the 

T^r ^rJV 2 - 81, Fa " W ? tern States P^entmventionmasysWformeasuringThecomb^ 

Meetmg, The Combustion Institute, Sandia Laborato- tion of fuel- 

n* Uvcnnoi* CA Oct. 1 1-12 1982. FIG. 2 shows the droplet generation device of the 

The prior art mcludes Rayleigh instability and me- present invention- 
wtell^TV 8 ° f P rod «*=i»e droplets 35 FIG. 3 shows droplet diameter versus nitrogen flow 
which rely on physically breaking up an established in an exemplary practice of the invention- 
high velocity liquid jet by electromagnetically induced FIG. 4 shows droplet spacing versus nitrogen flow in 
mechanical vibrations or high speed rotary shuttering, an exemplary practice of the invention; 
respectively. Piezoelectric techniques can be used to FIG. 5 shows droplet spacing versus nitrogen flow in 
expel droplets by mechanical constrictions applied to a 40 an exemplary practice of the invention- 

USe rf ™>vj»f or electronic FIG. 6 shows droplet frequency versus nitrogen 

components for the production of droplets gives rise to flow and 

the possibility of component failure, or drift, which FIG. 7 shows initial droplet velocity versus nitrogen 

adversely affects repeatabjhty with time. flow in an exemplary practice of the Lention. 

A major restriction to the use of Rayleigh instability 45 

for exploring isolated droplet combustion is the limited DESCRIPTION OF THE PREFERRED 

droplet spacing inherently available. However, no alter- EMBODIMENT 

native droplet generation techniques (e.g., mechanical FIG. 1 depicts a source of liquid fuel 11 to be tested 

£25"f» If? teC . h " i ? U f S) P / od " cin S wel1 - W fuel » applied to the droplet generation 

spaced ( B 30 droplet diameters) droplets have been 50 device 12 of the present invention. 

S t a f c t ad fP tab,e for r USe ta combustion Droplets are produced in the combustion duct 13 

apparatus without introducing significant experimental which has a flat flame burner 14 supplied with fuel 

*ZtfS££ ? d , n A , Saad ' " C ° mbvst ™ ™ "* -trogen from the sources^ wnTl 5 ' 

*SfL?, f Eft^S?! Fue * ? rop,ets m » Ho i Atmo - 0 P*»1 deletion of the combustion process is per- 

tf„n n ' 7 f 7 Kt i^, Sy ? p0 ? U^, . (^etuattoiud) on Combus- 55 formed by a detector 16 such as a camera or optical 

f C ° m . buSt i 0n 5** ,te > 1957, describes probe, and a triggered light source 17. The residue of 

8 ^ d . r ,, 0ple,S 5* 3 SmaU b °^ e the coition process is collected in sample collection 

tube from which the drops are thrown by a concentric probe 18 

jet of air. Droplet size is controlled by capUlary bore Referring to FIG. 2, the droplet generation device of 

«d £22£ A* COn " ntric air head < head of the fuel 60 the present invention includes a capillary tube 19 having 

SSf P ^ h ^ ^ pro ^ des be .y° n d Ae air a liquid receiving end which is connected to the tube 20 

SS2\£ ^° Ple ? T 11 to diamcter ' wbich contains fuel from the metering pump 21. An 

much larger than those found ,n typical combustion outer concentric tube 22 has a venturi 23 at the bottom 

systems. In the laboratory, as well as practical combus- thereof. The tip of capUlary tube 19 £ positioned in °hc 

tion devices, there exists a limited droplet residence 65 throat 24 of the venturi 23 Portioned ,„ the 

time within the combustor during which complete Venturi 23 is a converging-diverging nozzle with the 

SIS 5° £ T"' lar 6 edro P^ (s«ch as diverging nozzle section* hiving TEuSS?* t£ 

those desenbed above) would reqmre mordinately large degrees in an exemplary embodiment. The converging- 
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diverging nozzle insures a better trajectory of the drop- through the capillary, viz. for a given nitrogen flow, the 

lets than other veturis. droplet spacing decreases with increasing liquid flow. 

Nitrogen gas from source 25 is supplied through flow FIG. 5 presents the droplet spacing data shown in FIG. 

controller 26 which regulates the flow of gas through 4 in terms of numbers of droplet diameters separating 

the vcnturi to control the formation of droplets from the 5 individual droplets. It is evident that droplet spacings 

tip of the capillary tube. By varying the liquid flow, gas f rom 100 to 600 droplet diameters may be achieved by 

flow, and capillary size, the droplet size, spacing, fre- simply varying the flow conditions across the ranges 

quency and initial velocity may be precisely controlled. indicated in the figure. 

A stream of droplets is produced by inducing prema- ^ frequency of production of the resultant droplets 

ture detachment of incompletely formed droplets at the 10 w a function of operating parameters is illustrated in 

tip of the capillary 19. This detachment is accomplished FIG. 6. Droplet frequency increases with increasing 

by drag caused by the annular flow of gas past the nitrogen flow and also mcreases with increasing liquid 

capiUary tip which is positioned m the throat 23 of the flow ^ relatively low frequencies of 10-150 Hz pro- 

venturi. The gas is accelerated past the :tip ofthecapil- duced fa the should be contrasted t0 the 

larybythe ventunan^ 15 5(X ^ 2m m duction rates observed ^ ious 

the throat of ventun 23. Droplets ^thus formed are much work Qn ^ ^ ki h ^ m technique , The low 

smaller in diameter than those that would result from , , . MrrtA ,^jl„ * t4M! ^ fh \„ r+u*;^*, 

natural detachment due to ^^Jj^ S&E^ 

TSSSK^ » * > vantage of greatly reduced 1 liquid require- 

the metering pump ?21 and flow controller 26 accurately m ' nt ? com ?^ d £j^ ^ C1 ? h ^ bd)ty techmque 

controls gas flow wWch required 2(»^ m^ hquid flow. 

Accurate positioning of the capillary tip with respect The initial velocity of droplets produced was also 

to the venturi is accomplished with a micrometer driven determined as a function of liquid and nitrogen flow by 

translation stage 27. In an exemplary embodiment of the 25 multiplying the initial droplet spacing by the droplet 

invention, a 32-gauge (0.004" inside diameter) stainless frequency. The collective results are plotted as a single 

steel capillary was positioned in the throat of a venturi curve in FIG. 7 and show that the initial droplet veloc- 

of approximately 1 mm inside diameter. ity has a mild dependence on nitrogen flow, gradually 

The critical relationship between the size of the ven- increasing with increasing flow. There is no clear de- 
turi throat and the diameter of the capillary tube will 30 pendence on liquid flow rate from the present data, 
depend on the type of droplets to be produced. For the Average initial droplet velocities are 2-3 m/s t compara- 
testing of fuels as described herein, the capillary tube 19 ble to those obtained with the Rayleigh instability tech- 
has an inside diameter in the range of about 0,001" to nique and suitable for low Reynolds number studies of 
0.035" and outside diameter of 0.005" to 0.05". The isolated droplet combustion in the current droplet corn- 
outer concentric tube 22 has an inside diameter in the 35 bustion device. Studies with light No. 6 marine fueld 
the range of 0.1" to 2", and the throat of the venturi 23 have shown nominally the same behavior in terms of 
has an inside diameter in the range of 0.01" to 0.075", droplet size, spacing, frequency and velocity, 
and a throat length in the range of 0.03" to 0,3". While a particular embodiment of the invention has 

Droplet characterization was carried out by a helium- been shown and described, various modifications are 

neon laser aligned to intersect the path of the droplet 40 within the true spirit and scope of the invention. The 

stream. Scattered laser light from the droplets passing claims are, therefore, intended to cover all such modifi- 

through the beam was detected with a photodiode mini- cations, 

probe. Resultant modulated photodiode output signal What is claimed is: 

was monitored with an oscilloscope to yield directly the j A me thod of producing uniform droplets of a liquid 

droplet frequency, i.e., the rate of droplet production. 45 com pri sm g. 

The output signal was also supplied to a strobe lamp supplying a stream of gas to a concentric tube, said 

used to synchronously back illuminate the droplet streamof gas flowing through said concentric tube; 

stream for visual observation and photography to accu- supplying sa id liquid to a first end of a capillary tube 

rately measure droplet size and spacing., positioned in said concentric tube; 

The^appca™ce of a hexadecane droplet emerging 50 ac £ elcratin ^ stream of toward said first cnd 

from the tip of the device was spherical and relatively f ^ m tate d 6 

well centered with respect to the tip. The extent of *™^ZTc*i*l*l^ *et„ c »iA ct Mm „ f „ ac 

droplet spacing available with the present invention decelerating said stream of gas after said 1 steam of gas 

wasshownbydropletsspacedby 100 droplet diameters, P**? 3 ^ fot end ° f said capillary tube; 

a spacing 20-50 dmes greater than thai obtained via 55 where * T^™* 1 * f re , am ° f ^detaches 

Rayleigh instability techniques. The relationships be- uniform droplets of aoamcter less than 450 microm- 

tween droplet size, spacing, and frequency associated f ters °[ 8aid h( V" d froni first end °[ md C W 1 ' 

with the current technique arc distinctly different from ^ tu !f f ™ d accelerating stream of gas flows 

those observed with the Rayleigh instability technique. P Mt said first end of capillary tube, said de- 

By observing droplet diameter and spacing for a 60 tached droplets being spaced apart by a distance in 

variety of liquid and gas flow rates, the results depicted the range of 100-600 droplet diameters, 

in FIGS. 3, 4, and 5 were obtained. FIG. 3 shows that 2. The method recited in claim 1 further comprising 

droplet diameter decreases with increasing nitrogen the steps of; 

flow past the capillary tip, relatively independently of supplying said accelerating gas to a venturi throat; 

of the liquid flow rate through the capillary. FIG. 4 65 and 

shows that inter-drop spacing also decreases with in- regulating the flow of gas through said venturi throat 

creased nitrogen flow. The magnitude of the spacing, to control the formation of droplets from said first 

however, clearly depends on the rate of liquid flow end of said capillary tube; 
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wherein said uniform droplets of said liquid are de- 
tached by said accelerating gas flowing through 
said venturi throat. 

3. The method recited in claim 1 further comprising 
the step of: 

controlling the flow of liquid to said capillary tube to 
control the rate of droplet production. 

4. The method recited in claim 3 wherein said liquid 
is supplied at a flow rate less than 10 ml/hr. 

5. A method of producing uniform droplets of a liquid 
comprising: 

supplying a stream of gas to a concentric tube; 

supplying said liquid to an end of a capillary tube 
positioned in said concentric tube; 

accelerating said stream of gas toward said first end 
of said capillary tube; 

detaching uniform droplets of diameter less than 450 
micrometers of said liquid from said first end of 
said capillary tube by said accelerating stream of 
gas as said accelerating stream of gas flows past 
said first end of said capillary tube; and 

decelerating said stream of gas upon detaching said 
uniform droplets of said liquid from said first end of 
said capillary tube, said detached droplets being 
spaced apart by a distance greater than approxi- 
mately 25 mm apart. 

6. The method recited in claim 5 further comprising 
the step of regulating the flow of said stream of gas to 
control the formation of droplets from the tip of said 
capillary tube. 

7. The method recited in claim 5 further comprising 
the step of controlling the flow of liquid to said capil- 
lary tube. 

8. The method of claim 5 further comprising the step 35 
of determining the rate of droplet production. 3 

9. The method of claim 5 further comprising the step 
of measuring said droplet size. 

10. The method recited in claim 5 further comprising 
the step of: ^ 

supplying said accelerating gas to a venturi throat; 

wherein said uniform droplets of said liquid are de- 
tached by said accelerating gas flowing through 
said venturi throat 

11. The method recited in claim 10 further compris- 45 
ing the step of regulating the flow of gas through said 
venturi throat to control the formation of droplets from 
said first end of said capillary tube. 

12. A method of producing uniform droplets of a 
liquid comprising: 

supplying a stream of gas to a concentric tube; 

supplying said liquid to a first end of a capillary tube 
positioned in said concentric tube to provide in- 
completely formed droplets at said first end of said 
capillary tube; 

accelerating said stream of gas toward said first end 
of said capillary tube; 

supplying said accelerating gas to a venturi throat; 
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detaching said incompletely formed droplets of said 
liquid from said first end of said capillary tube to 
produce uniform droplets spaced a distance greater 
than approximately 25 mm apart, said detached 
droplets being of diameter less than 450 microme- 
ters and 

decelerating said stream of gas after said stream of gas 
passes said first end of said capillary tube. 

13. The method recited in claim 12 further compris- 
ing the step of regulating the flow of gas through said 
venturi throat to control the formation of droplets from 
said first end of said capillary tube. 

14. The method recited in claim 12 further compris- 
ing the step of controlling the flow of liquid to said 
capillary tube to control the rate of droplet production. 

15. The method recited in claim 14 wherein said liq- 
uid is supplied at a flow rate less than 10 ml/hr. 

16. A method of producing uniform droplets of a 
liquid comprising: 

supplying a stream of gas to a concentric tube, said 
stream of gas flowing through said concentric tube; 

supplying said liquid to a first end of a capillary tube 
positioned in said concentric tube; 

accelerating said stream of gas toward said first end 
of said capillary tube; 

decelerating said stream of gas after said stream of gas 
passes said end of said capillary tube; and 

controlling the flow of said liquid to said capillary 
tube to control the rate of droplet production; 

wherein said accelerating stream of gas detaches 
uniform droplets of said liquid from said first end of 
said capillary tube as said accelerating stream of 
gases flows past said first end of said capillary tube, 
said droplets being produced at a frequency be- 
tween 10-150 hz. 

17. The method recited in claim 16 wherein said liq- 
uid is supplied at a flow rate less than 10 mil/hr. 

18. A method of producing uniform droplets from a 
liquid comprising: 

supplying a stream of gas to a concentric tube; 

supplying said liquid to a first end of a capillary tube 
positioned in said concentric tube to provide in- 
completely formed droplets at said first end of said 
capillary tube; 

accelerating said stream of gas toward said first end 
of said capillary tube; 

supplying said accelerating gas to a venturi throat; 

detaching said incompletely formed droplets of said 
liquid from said first end of said capillary tube; 

decelerating said stream of gas after said stream of gas 
passes said first end of said capillary tube; and 

controlling the flow of said liquid to said capillary 
tube to control the rate of droplet production; 

wherein said droplets are produced at a frequency 
between 10-150 hz. 

19. The method recited in claim 18 wherein said liq- 
uid is supplied at a flow rate less than 10 ml/hr. 

***** 
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ABSTRACT 



A high intensity ion source for a mass spectrometer is 
provided having system dimensions and parameters which 
cause the Taylor cone of a liquid charge stream to pass 
through an aperture in a lens into a low pressure chamber 
without substantially desolvating. A capillarv u\he. fraying a n 
outlet diameter on the order o f 50 micromete rs is located in 
an ion source chamber which is maintained at close to 
atmo spheric pres sure. The outlet of the capillary tube is 
positionecTat a distance on the order of J250 microm eters 
from the aperture of the lens. The low pressure chamber is 
maintained at a pressure on the order of_13 p ascals. With a 
suitable applied field, a Taylor cone ion stream is formed and 
passes through the aperature in the lens into a low pressure 
chamber without substantially desolvating. Substantial des- 
olvation of the liquid charge stream is accomplished through 
the application of heating techniques within the low pressure 
chamber. 

51 Claims, 8 Drawing Sheets 
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HIGH INTENSITY ION SOURCE nanospray capillary bore produces small droplets which 

APPARATUS FOR MASS SPECTROMETRY quickly evaporate. For example, a typical nanospray source 

is placed at a distance of between 1 and 3 millimeters from 

This application claims the benefit of provisional appli- Ihe lens and a typical electrospray source is placed at a 

cation No. 60/128,807 filed Apr. 12, 1999. S distance of between 1 to 2 centimeters from the lens. In 

addition, due to the very low flow rate of the nanospray 

FIELD OF THE INVENTION source, a large fraction of the ion current from the capillary 

The present invention relates to method and apparatus for P asscs trough the aperture of the lens, whereas for the high 

forming ions from a liquid for use by an analytical flow sources > Ink same fraction is often less than one 

instrument, typically a mass spectrometer. 10 percent. In both cases, the ion current through this lens 

aperture is predominantly in the form of desolvated gas 

BACKGROUND OF THE INVENTION phase ions, that is, not in liquid form. 

Various types of ion sources have been used in the past to Regardless of the source design, the sensitivity of all 

produce ions from a liquid for mass spectrometers. Over the atmospheric source designs generally increases with a larger 

last decade the practise has been to produce the ions at or 15 aperture in the lens. Larger apertures are increasingly used 

near atmospheric pressure and then to direct the ions into a t0 collect more ion current emerging from the capillary, but 

vacuum chamber which houses the mass spectrometer. with a typical fixed ion/gas ratio of ions and gas through the 

Examples of these ion sources include the well known lens aperture, more gas is present which necessitates higher 

electrospray ion (ESI) source, discussed in U.S. Pat. No. capacity and costly vacuum pumps to maintain the mass 

4,842,701 to Smith et al. and the ion source referred to as ion 20 spectrometer vacuum pressure. Atypical ion/gas ratio for the 

spray, described in U.S. Pat. No. 4,935,624 to Henion et al. atmospheric sources is from one ion in 10 to 10 molecules 

In its most basic form, an ESI source is created by of air, usually nitrogen, 

applying a potential difference on the order of 5000 volts Attempts have been made to increase the number of ions 

between a metal capillary and an interface lens in which „ lhal can be delivered to a low pressure region by providing 

there is an aperture. The distance between the capillary tip electrospray directly into a low pressure region as disclosed 

and lens is in the range of 1 to 3 centimeters. The analyte is in us - Pal - No - 5,838,002 to Sheehan, where a potential 

contained in a solvent which is pumped through the capil- difference is applied across an electrospray capillary posi- 

lary. As the liquid emerges from the capillary tip, the high tloned in aD evacuated chamber of less than 13 pascals and 

electric field causes charge separation and a subsequent w a counter electrode. This approach is limited by corona 

rapid increase of the charged liquid flow velocity accompa- discharge which can produce chemical noise, and liquid 

nied by a sharp reduction of liquid flow diameter, and DOllin & whlc h disturbs the Taylor cone and causes severe 

assuming a shape called a Taylor cone. Within a short S1 g nal instability and signal reduction, 

distance of the capillary tip, the mutual charge repulsion Accordingly, there is a need for a method and apparatus 

within the liquid exceeds the ability of the surface tension to 35 for providing an improved flow of ions into vacuum from an 

contain the liquid, resulting in a scattering of the smooth electrospray source such that a low volume of gas is admit- 

liquid flow into liquid droplet form. The maximum flow rate led into the vacuum chamber along with the ions, such that 

of the ESI source is about 5 microliters/minute (^L/m). corona effects are avoided, such that boiling does not occur, 

Much higher flow rates cause the ion signal to decrease and and such that the lab footprint of requisite pumping equip- 

become unstable because of the advent of larger droplets 4Q ment is reduced. 

which take too long to desolvate. Consequently much of the SUMMARY OF THE INVENTION 
ion current becomes bound up in droplets instead of gas 

phase ions. ESI sources are typically operated at or near It is therefore an object of the present invention to provide 

atmospheric pressure, because a high heat transfer rate to the an apparatus for providing gas phase ions in a relatively low 

droplets required for evaporation is possible due to the high 45 pressure region from a liquid, the apparatus comprising: 

rate of droplet-air molecule collisions. (a) a capillary tube, said capillary tube having an input for 

Prior art ion spray devices can include a concurrent flow receiving the liquid, a longitudinal bore, and an outlet 

of high velocity gas coaxial with a capillary tube. This gas for discharging said liquid at a preset flow rate into a 

nebulizes the liquid flowing from the capillary tip, effec- first region at a relatively high pressure; 

tively resulting in smaller sized droplets. Adding an external 50 (b) a first interface element with an aperture therein and 

source of heated gas results in the effective evaporation of separating said first region from a second region at a 

liquid flow up to 1000 microliters per minute. relatively low pressure; 

In some configurations of ion spray or electrospray (c) an electrode located downstream from the aperture of 

sources, the metal capillary has been replaced by a no neon- the capillary tube; and 

ductive capillary such as fused silica. The electrical connec- 55 (d) a voltage source for generating a voltage potential 

tion to the liquid is usually made at a metal junction between said liquid in the capillary tube and said 

upstream from the capillary tip and relatively close to the tip electrode; 

(e.g. 10 cm). wherein the aperture of the capillary tube is aligned with the 

Although ion spray has replaced electrospray in the flow aperture of the first interface element and is positioned 

range from about 1 microliter/minute to 1000 microliter/ 60 directly in front of, and in close proximity to, the aperture of 

minute, ESI sources called "nanospray" which use the first interface element, whereby, in use, with a sufficient 

extremely low flows of the 1 to 20 nanoliters per minute voltage potential applied between the liquid and the elec- 

range are becoming popular for situations where the amount trode to form an electric field sufficient to cause the liquid 

of sample is limited. The nanospray source is distinguished stream flowing through the outlet of the capillary tube at the 

from the higher flow rate sources by having a smaller 65 preset flow rate to become a charged liquid stream that 

capillary diameter, and both a lower distance and potential originates at the aperture of the capillary tube and flows 

difference between the capillary tip and the lens. The small through the aperture of the first interface element into the 
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second region and substantially desolvates into gas phase 
ions in the second region, and wherein the spacing between 
the aperture of the capillary tube and the aperture of the first 
interface element is such that there is minimal expansion of 
the liquid charge stream in the first region. 5 

In a second aspect, the present invention provides an 
apparatus for providing gas phase ions in a relatively low 
pressure region from a liquid including a matrix material, the 
apparatus comprising: 

(a) a capillary tube, said capillary tube having an input for 10 
receiving the liquid, a longitudinal bore, and an outlet 
for discharging said liquid at a preset flow rate into a 
first region at a relatively high pressure; 

(b) pulsing means coupled to the capillary tube for 
providing a series of pressure pulses to the liquid within 15 
the capillary tube to cause said capillary tube to expel 

a series of liquid charge stream droplets; 

(c) a first interface element with an aperture therein and 
separating said first region from a second region at a 
relatively low pressure; 20 

(d) desolvation means for desolvating the liquid charge 
stream droplets into gas phase ions in the second 
region; 

wherein the aperture of the capillary tube is aligned with the 
aperture of the first interface element and is positioned 
directly in front of, and in close proximity to, the aperture of 
the first interface element, whereby, in use, when said 
pulsing means provides sufficient pulsing action to the 
capillary tube to cause the liquid stream flowing through the 3Q 
aperture of the capillary tube at the preset flow rate to 
become a pulsed liquid stream that originates at the aperture 
of the capillary tube and flows through the aperture of the 
first interface element into the second region, said desolva- 
tion means interacts with said matrix material to create 35 
reagent ions and to substantially desolvate said pulsed liquid 
stream into gas phase ions in the second region, and wherein 
the spacing between the aperture of the capillary tube and 
the aperture of the first interface element is such that there 
is minimal expansion of the liquid stream in the first region. 4Q 

The present invention also provides a number of other 
features which can be provided either instead of, or in 
combination with the feature recited in the preceding para- 
graph (mounting the capillary tube in a manner such that the 
liquid charge stream flows through into the second region 45 
without substantially desolvating). These features include: 

(1) locating the outlet of the capillary tube relative to the 
aperture and dimension of the aperture such that sub- 
stantially all of the liquid ion current passes through 
into the second region, whereby only a small or neg- 50 
ligible ion current is detected on the first interface 
element, i.e. a current which is orders of magnitude less 
than the ion current flowing into the second region; 

(2) providing a diameter for the bore of the capillary tube, 

at the outlet thereof, in the range of 12-125 55 
micrometers, mounting the outlet from the aperture at 
a distance in the range 50 to 500 micrometers and 
providing the aperture with a diameter in the range of 
5 to 500 micrometers. 

(3) mounting the tip of the capillary tube, including the 60 
capillary tube outlet, in a cap, the cap including the 
aperture and the cap serving to locate the outlet of the 
capillary tube both axially and radially relative to the 
aperture, wherein the first interface element includes a 
bore within which the cap is mounted. 65 

(4) while reference has been made to the use of a capillary 
tube within the ion source apparatus, it should be 
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understood that instead of using a capillary tube to 
introduce liquid analyte into the ion source chamber, it 
would be possible to use any means of introducing a 
source of liquid analyte into the ion source chamber 
instead of using a capillary tube. 
In a third aspect, the present invention provides a method 
of forming gas phase ions in a relatively low pressure region 
from a liquid, the method comprising the steps of: 

(a) directing the liquid through a capillary tube having an 
outlet to provide a liquid stream at a preset flow rate 
into a first region at a relatively high pressure; 

(b) providing an electrode downstream from the aperture; 

(c) providing a first interface element including an aper- 
ture and separating the first region from a second region 
at a relatively low pressure; 

(d) positioning the capillary tube such that the outlet of the 
capillary tube is aligned with the aperture of the first 
interface element and is positioned in front of, and in 
close proximity to, the aperture of the first interface 
element; 

(e) applying an electric potential between the liquid 
within said capillary tube and the electrode to form an 
electric field, sufficient to cause said liquid stream to 
form a charged liquid stream, whereby the charged 
liquid stream originates at the outlet of the capillary 
tube and flows through the aperture of the first interface 
element into the second region; and 

(f) locating the outlet of the capillary tube at a distance 
from the aperture such that there is minimal expansion 
of the charged liquid stream in the first region and such 
that substantially all the liquid passes through the 
orifice, for vaporization in the second region. 

In this third aspect of the invention, it is envisaged that, 
step (f) and, where applicable step (e), could be replaced or 
combined with one or more of the following features: 

(1) causing substantially all the ion current to pass 
through the aperture, whereby only a relatively small 
ion current is detected at the interface element; 

(2) spacing the outlet of the capillary tube in the range 50 
to 500 micrometers from the aperture, and/or providing 
the outlet of the capillary tube with a diameter in the 
range of 12 to 125 micrometers, and/or providing the 
aperture with a diameter in the range of 5 to 500 
micrometers; 

(3) locating the aperture such that the jet region of the 
Taylor cone extends through the aperture, or locating 
the aperture such that at least a portion of the plume 
region is located in the aperture and may extend, at 
least partially, into the first region; and 

(4) causing at least 90% of the sample to pass through the 
aperture into the second region. 

In a fourth aspect, the present invention provides a 
method of forming gas phase ions in a relatively low 
pressure region from a liquid containing a matrix material, 
the method comprising the steps of: 

(a) directing the liquid through a capillary tube having an 
outlet to provide a liquid stream at a preset flow rate 
into a first region at a relatively high pressure; 

(b) providing a first interface element including an aper- 
ture and separating the first region from a second region 
at a relatively low pressure; 

(c) positioning the capillary tube such that the outlet of the 
capillary tube is aligned with the aperture of the first 
interface element and is positioned in front of, and in 
close proximity to, the aperture of the first interface 
element; 
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(d) applying pressure pulses to the capillary tube to cause After charging the liquid at the capillary tube outlet 38, 
said capillary tube to expel a series of liquid charge the high electric field applied to capillary tube 16 pulls the 
stream droplets to cause the liquid stream flowing charged liquid from capillary tube 16 to produce a liquid 
through the aperture of the capillary tube to become a charge stream 23 which subsequently disperses into a cloud 
pulsed liquid stream that originates at the aperture of s of charged^droplets , according to the well known method of 
the capillary tube and flows through the aperture of the "electrospra y. Upon evaporation of the charged droplets, gas 
first interface element into the second region; ^phase ions are formed. The various physical and electrical 

(e) locating the outlet of the capillary tube at a distance characteristics associated with liquid charge stream 23 will 
from the aperture such that there is minimal expansion be further described in relation to FIG. 2. 

of the charged liquid stream in the first region and such 10 Gas source 30a maintains ion source cha mber 12 at a 

that substantially all the liquid passes through the pressure of between 10 s pasca ls (i.e. atmospheric pressure) 

aperture, for vaporization in the second region; and and 2x10 s pascals (i.e. 2 atmospheres). As the pressure is 

(f) desolvating said droplets into gas phase ions in the increased above atmosphere (e.g. to 1.5 atmospheres), the 
second region. possibility of arcing between capillary tip 34 and lens 18 is 

Further objects and advantages of the invention will 15 reduced. At 1.5 atmospheres, 50 percent more gas accom- 

appear from the following description, taken together with panies liquid charge stream 23 in ion source chamber 12 

the accompanying drawings. tDan would be the case at atmospheric pressure. This 

increase in gas load is practically acceptable in view of the 

BRIEF DESCRIPTION OF THE DRAWINGS operational benefits as will be discussed. Ga s source 30 a is 

20 typically N 2 , but can also be air. ™~ ~ 

In the accompanying drawings: • a . t_i_ 

Vacuum chamber 14 comprises a first vacuum chamber 

FIG. 1 is a diagrammatic view of an embodiment of the ^ and a va ^ m cha mber lgb. The lens 18 of first 

present invention; vacuum chamber 14a contains aperture 26which is sized to 

FIG. 2 is a more detailed diagrammatic view of the completely receive the Taylor cone oFlne liquid charge 

capillary tube, the liquid charge stream and the first interface 25 stream 23. Second vacuum chamber 1 46 h ouses a mass 

element lens of FIG. 1; spectr ometer 24 which can be any kind of mass 

FIG. 3 is a mo re detailed view of the capillary tube of FIG. spectrometer, sucfl as an ion trap, a time-of-fligbt mass 

1 in association with an interface element barrier; spectrometer, or a quadrupoIe~ mass spectrometer. By way of 

FIG. 4 is a diagrammatic cross-sectional view of the 30 example, FIG. 1 depicts first and second vacuum chambers 

capillary tube of FIG. 1 in association with an interface 14a and 14 * and shows ^ positioning of quadrupole rods 

element cap; °f a conventional tandem mass spectrometer of the kind 

- . r . . tC which includes an entrance rod set QO, a first resolving rod 

FIG. Sa is a diagrammatic view of heating equipment for A . , A M c ' . . & , A 

u *u r a *w *u n *u <Tcr£ i set Ql, a second rod set Q2, a fragment ion resolving rod set 

heating the liquid within the capillary tube of FIG. 1; Q3> and ^ ^ dctcctor ^ 

FIG. 56 is a diagrammatic view of alternative heating 35 " r — T — 77 /• t t ■ 

. c i_ .l i- -j *t_ -n , l c First vacuum chamber 14a (i.e. regions of containment 

equipment for heating the liquid within the capillary tube of , . , . . . . \ . . *\ . e 

pjQ 2- anc * desolvation) may be maintained at a pressure of 

* approximately 25 pa scals b y pump 30 6. Second vacuum 

FIG. 6 is a diagrammatic view of the ion source apparatus cha mber 146 (U. tor containing the mass spectrometer) may 

of FIG. 1 in association with a microwave generator; and ^ 5e maintained at a pressure on the order of 10-2 pascals 

FIG. 7 is a diagrammatic view of a further embodiment of using pumr^Oc. Typically, the second vacuum chamber 146 

the present invention utilizing ion spray. (i.e. containing the mass spectrometer) is maintained at a 

pressure which is appropriate to the type of mass spectrom- 

DETAILED DESCRIPTION OF PREFERRED eler For example, as is conventionally known, quadrapole 

EMBODIMENTS ^ roc j f or mass analysis need to be maintained at approxi- 

Reference is first made to FIGS. 1 and 2, which show a mately 1.33 millipascals, whereas ion traps should be main- 
high intensity ion source a pparatus 1 0 according to a pre- tained at approximately 133 millipascals. 
ferred embodiment of the present invention. Ion source FIG. 2 is a more detailed drawing showing the physical 
apparatus 10 contains an ion source chamber 12 an d a geometry of liquid charge ^stream 23 as discharged by 
vacuum chamber 14. ™^ 50 capillary tube 16 ( not to scale). The outside diameter of 

Ion source "^Hamber 12 contains a capiUajyJubeJL6 capillary tube 16 tapers from a bo dy 32 to a tip 34 such that 

positioned in front of a first interface elementor le ns 78 tip 34 has a relatively smaller diameter than that of body 32, 

which separates ion source chamber 12 from vacuum cham- Capillary tube 16 has a capillary bor e 36 f ormed throughout, 

ber 14. First interface element or lens 18 includes an such lhat li Q uid analyte from the analyte source 22 flows 

aperture 26. The capillary tube 16 receives liquid analyte 55 therein. Capillary bore 36 terminates in an outlet38 formed 

(e.g. for test purposes, a small flow of Minoxidil or Reser- in t ip 34 thereof, from which the liquid charge stream 23 

pine dissolved in solvents such as methanol, acetonitrile, and emanates. Capillary tube 16 can be made of any suitable 

the like) from an analyte sourc e 22 which may be any material, such as steel, conducting polymers, fused silica, 

appropriate source of liquid analyte, such as a small con- and glass (e. g. soda lime glass, borosilicate glass). Tips 34 

tainer of analyte, or eluent from a liquid chromatograph or 60 constructed of fused silica or glass are often metallized with 

capillary electrophoresis instrument. Vol tage supplies 20 , a material such as gold, silver, or platinum by processes such 

and 21 are connected to capillary tube 16 (and hence to the as sputtering or vapour deposition. 

liquid within) and lens 18, respectively. In order to provide The characteristic geometry of the el ectrospray liquid 

a high electri cjield at capillary tip 3 j (FIG. 2), these voltage charge stream, conventionally called a T aylor cone , is 

supplies are""adjusted to provide a high voltage potential 65 formed when liquid charge strea m 23^ emerges from capil- 

difference, typically bet ween 500 and 1600 volts (e.gJ jOO lary tube 16 at hi fl h electrical fiel d. The liquid charge stream 

volts). " N ~ 'J 23 accelerates towards lens 18 and assumes the character- 
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islic conical geometry ( Region A ). At the apex of the cone, Taylor cone extends into vacuum chamber 14 and that 

a high velocity jet emerges(Kegion B) which subsequently substantial desolvation of liquid charge stream 23 occurs 

breaks into highly charged droplets (Region C). As will be within vacuum chamber 14a. According to this technique, 

further described, the highly charged droplets in Region C liquid ; ori s and solvent droplets are provided to the low 

are generally evaporated with dry gas or heat to produce 5 pressure region of first vacuum chamber 14a from the high 

rapid droplet desolvation and formation of gas phase ions. In prcS5mre regioQ of ion S0UfCC chamber 12 ^ minimal 

effect, the electric field pulls liquid charge stream 23 from desolvation occurring within ion source chamber 12. 

capillary tube 16 to produce a cloud of chgrged droplets so Specifically, the length of the Taylor cone is dependent on 

that upon evaporation gas phase ions will be formed. While £ u M flow ^ , . id gurf ace tension ^ ch 

it is desirable to adjust the system parameters of ion source „ , . 1 ftL v .J « * ^ t . f4l _ .. . , 5 

« m «.«k fk»# t>J,'~~ r t ,w v 30 density of the hquid. Surface tension of the liquid depends 

apparatus 10 such that Region C or the Tavlor cone is ' , , , flL .. r 

rr , . , ... j « * . 7 1/( on the type and temperature of the liquid, and the pressure 

completely positioned within fir st vacuum cham ber 14a. it r4l _ /r ,. r , . n 7^ ^ 

• i j l. j . j • . * , 7 , J , — c . ,\ of the surrounding gas. Charge density of the liquid depends 

should be understood that it would also be beneficial to 6 - tl _ ~. 7 , , H 4 r 

. , . , r on the composition of the liquid, and on the amount of 

adjust system parameters such that a lesser portion of t . . - ./ . . 

n J . ' . .j j , uui^ - electric field applied at capillary tip 34. 

Region C is provided to vacuum chamber 14a, i.e. so an _ . ., , rr __ r . - , 

initial portion of Region C is within the ion source chamber 15 , Liquid charge stream 23 ,s pumped through capillary tube 

12, as long as substantial desolvation of liquid charge stream 16 »« general y a constant rate of flow by the pump associ- 

23 can be still be said to occur within vacuum chamber 14a. ated wtb anal y te som " ce 22 < no ! shown )- ^ maximum 

The extent to which Region C can commence in, or be flow rate of 2 microliters per minute is preferred, other flow 

partially located in, the first vacuum chamber 14a will rate f U P l ° about 5 microliters per minute can be accotn- 

depend on the size of the aperture 26 and the extent to which 20 moda ' ed - F °{ m dwmeter « f 25 '° 50 m f ro ™ 1 ™'. •» 

one can tolerate a loss of sample due to impingement of the f preferred that voltage sources 20 an 21 provide a potential 

periphery of the expanding Region C on the interface d^erence oetween capillary tube 16 and lens 18 of between 

element or lens 18. 500 volts and 1600 volts. 

For conductive capillaries, tip 34 should be of conical „ As shown m HG. 2, the large electric field at capillary tip 

shape where liquid charge stream 23 emerges, so that a 25 34 not only causes charge separation ,n the tip,, t also causes 

single Taylor cone liquid charge stream 23 is emitted from , the ™ char 6 ed ^ A°w vetocity to increase as the 

outlet 38. For example, a flat tip on capillary tube 16 tends ll 1 uld leave s the capillary Up 34 Due to conservation of 

to produce an unstable Taylor cone liquid charge stream 23 mass and tne ' hl 8 h "iccmpressib.lity of hqmds, as the flow 

because the electric field concentrates on the outer edges. „ v f oat y '"creases, the diameter of the liquid stream 

Accordingly, the diameter of body 32, which is greater than 30 decreases as shown. Eventually the mutual repulsion of the 

the diameter of tip 34, tapers from the body 32 to the tip 34 contained charges overcomes the hquid surface tension, at 

to form a uniform conical section. ^ ,ch f° mt , lhe }^ L stream dls P' rse f ln !° a ser ' eS ° f 

The outer diameter of body 32 is preferably 180 microme- char S 6d droplets inside the vacuum chamber 14a as shown, 

ters but can have any reasonable dimension. The inner 35 Referring back to FIGS. 1 and 2 and using the system 

diameter of bore 36 is preferably 50 micrometers to accom- dimensions and parameters listed in the .following .table the 

modate a flow rate of between 0.5 microliters per minute and Taylor cone , of liquid charge stream 23 has been observed to 

5 microliters per minute but may range anywhere from Pass through aperture 26 into the vacuum chamber 14 before 

between 12 micrometers and 125 micrometers. Outlet 38 of btcakm 8 dowt " ml ° char ged droplets, resulting in subslan- 

capillary tube 16 is positioned from aperture 26 of lens 18 „ ^ ^creased .on current and decreased gas load due to 

at a distance of between 50 micrometers and 500 thc much ""^ a P erturc 26 that caD be used - 
micrometers, and preferably at 250 micrometers 

(recognizing that the lens 18 can have a significant 

thickness, this distance is measured from the face of the lens Approximate Approxi- 

18 bounding the chamber 12). It should be noted that it has 45 Parameter Value Parameter mate Value 

been experimentally determined that it is beneficial to adjust 

the distance between the capillary tip 34 and the aperture 26 ^meter of body 117 micrometers tonsoura^tun 10 pascals 

Of lens 18 SUCh that it is less than 10 times the length of the diameter of bore 50 micrometers totl^JT 8 " 6 13 pascals 

Taylor cone. 36 (and outlet 38) chamber pressure 

For nonconductive capillaries, the shape of the capillary 50 d *™ ter „°f 50 micromcters ™J to S« VP** 1300 volts 

.. . ri • c i . , . . r j aperture 26 between capillary 

tip is of less significance, but a conical shape is preferred, so r 16 and lens 18 

that the emerging liquid tends to form a single Taylor cone. distance between 250 

Lens 18 has aperture 26 with a diameter of between 5 and outlet 38 and micrometers 

500 micrometers, and preferably a diameter of approxi- aperture 26 

mately 50 micrometers. As previously described, the lens 55 

aperture diameter is sized appropriate to the diameter of the Specifically, standard solutions, Minoxidil and Reserpine, 

Taylor cone. The diameter of aperture 26 will be larger than were each provided at a concentration of about 100 pico- 

the Taylor cone ion stream "waist", or the minimum diam- grams per microliter at a flow rate of 2 microliters per 

eter of charge liquid stream 23. As the diameter of aperture minute and electrosprayed within ion source apparatus 10 

26 is made smaller, the gas load from ion source chamber 12 60 having the above noted system dimensions and parameters, 

to first vacuum chamber 14a is decreased, thereby reducing When these solutions were electrosprayed from atmosphere 

the pumping speed and cost of vacuum pump 30 b. The through aperture 26 into first vacuum chamber 14a at a 

alignment of liquid charge stream 24 passing-mrough outlet pressure of 13 pascals, the Q0 rod set, used as a Faraday cup 

38 with aperture 26 is performed using an adjuster 42a for measuring the ion current, measured ion currents of 

(shown in FIG. 1), as is conventionally known. 65 80xl0" 9 amperes and 100xl0~ 9 amperes, respectively. In 

As described above, system parameters, including the contrast, ion currents produced under typical electrospray or 

spacing of capillary tip 34 from lens 18 must be such that the ion spray conditions are approximately 2.5x10" 10 amperes. 
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Accordingly, ion current increases of 300 to 400 times can over capillary tip 34 and into the lens 18 or barrier 19, with 

be achieved. When outlet 38 is properly aligned with aper- the lens 18 indicated at lSb in FIG. 4. The capillary tube 16 

ture 26, no significant ion current is detectable on the lens is adapted to fit within the cylindrically symmetric cap 18a, 

18, i.e., less than one percent of the maximum, which is with the capillary tube 16 being separated from cap 18a by 

indicative of negligible losses due to any of the Taylor cone S a section of insulator 33. A shoulder 31 on capillary tube 16 

striking lens 18. The ion/gas ratio for the experimental setup locates capillary tube 16 and surrounding insulation 33, 

described above was determined to be 1 ion per 10 7 axially within cap 18a. 

molecules, a 1000 fold increase over typical ion source Cap 18a is secured in place in a suitably dimensioned 

systems. opening in a lens support 18£> of lens 18. Again, a shoulder 

With a rftlaW.ly small vflci"iTP J^lfflpi P*m e1 _Y iL-SP 1/s 10 41 on lens cap 18a abuts a shoulder of the lens 186 and 

vacuum pump for p ump (FIG. 1), upon turning on the locates the cap 18a axially within lens support 18b and 

liquid analyte flow, a five percent pressure increase in hence locates the entire assembly within lens 18. An "O" 

vacuum chamber 14a was observed from 1.04 j o 1.09 ring 35 around the cap 18a prevents gas leakage from ion 

pascals using an aperture 26 of 50 micrometers. Therefore source chamber 12 into the first vacuum chamber 14a. Holes 

solvent pressure increases were observed to be relatively 15 37a in cap 18a maintain the pressure in a tip chamber 37 at 

minor compared with the gas flow from ion source chamber substantially the same pressure as chamber 12, here atmo- 

12. If first vac uum chamber 14a is maintained at a higher spheric pressure. The tip chamber 37 is defined by the end 

pressure, such as 133 pascals, the pumping demand is of the capillary 16 and the cap 18a, and the Taylor cone. The 

lowered and accordingly a l ess^ e gpr.nci^ p^rnp^pfr can be aperture 26 is now provided in the cap 18a and this liquid 

used. """"" " 20 c j iar g C stream 23 assembly allows for the accurate and stable 

It is not necessary to use voltage supply 20 to apply a alignment of capillary bore 36 with aperture 26 of cap 18a, 

voltage differential across capillary tube 16 and first inter- such that a fixed distance between capillary tip 34 and 

face element lens 18. Specifically, as shown in FIG. 3, a aperture 26 can be maintained. 

nonconductive interface element "barrier" 19 and a counter- Referring back to FIG. 1, as liquid charge stream 23 enters 

electrode 39 comprising the Q0 assembly, maintained at an 25 into vacuum chamber 14 through aperture 26, the desolva- 

appropriate potential by voltage supply 20, positioned tion of liquid charge stream 23 can be greatly assisted by use 

downstream from the interface element barrier 19, can be of a laser 44 having a beam directed at the emerging liquid 

used in place of the conductive lens 18 discussed above. It charge stream 23 as shown. Laser 44 can be any appropri- 

should be understood that any conductive element may form ately powered laser, such as the model 48-5, Duo-Lase 50 W 

the counter-electrode 39 . 30 continuous infrared laser (10.6 micrometers). The laser 

Specifically, an ESI source having a flow rate of approxi- beam of laser 44 is appropriately focused onto liquid charge 

mately 2 microliters per minute with a capillary tip 38 is s ^am 23 as it enters vacuum chamber 14 through aperture 

shown approximately 0.125 millimeters away from an aper- 26. For certain applications it may be more appropriate to 

ture 27 in nonconductive interface element barrier 19. Inter- u» a pulsed laser. Due to the high liquid velocity at the end 

face element barrier 19 has an aperture diameter of approxi- of the Taylor cone of liquid charge stream 23, the laser 

mately 50 micrometers. When counter-electrode 39, is repetition rate would be in the kilocycle range for maximum 

placed approximately 15 millimeters downstream of the efficiency. 

capillary tip, a Taylor cone ion charge stream 23 is produced It will be appreciated that, in principle, any source of 

that does not disperse into droplets until it enters first 4Q electromagnetic radiation can be provided which has a 

vacuum chamber 14a. wavelength that is absorbed by the liquid, and for this 

Conventional electrospray conditions are provided to the purpose the liquid can include substances to increase the 

apparatus, i.e., the flow rate is approximately 2 microliters adsorption of radiation. Other light sources could be used, or 

per minute and approximately 5000 volts is applied between a microwave source as detailed below. The beam from such 

the capillary and downstream counter-electrode 39. It should 45 a source can be arranged to intersect the Taylor cone charge 

be noted that aperture 27 of nonconductive interface element stream 23 at an angle, or it could be more or less axially 

barrier 19, positioned about the Taylor cone ion charge aligned with the charge stream. 

stream 23, maintains the pressure differential between the The relative position of the output beam of laser 44 with 

atmospheric and vacuum regions. This configuration is respect to liquid charge stream 23 can be adjusted using the 

advantageous in the case where the length of the Taylor cone 50 micrometer screws of adjusters 42a and 42b to adjust the 

is variable due to changes in the composition of the liquid, position of the capillary tube 16 and the laser, respectively, 

as is the case with a liquid chromatograph (gradient run) as is conventionally known. It should be noted that laser 44 

having different operational modes. This design is also much could also be located within ion source vacuum chamber 12 

less susceptible to electrical breakdown due to mechanical such that the laser beam is focused on liquid charge stream 

or electrical misadjustment. One possible disadvantage 55 23 in close proximity to aperture 26. It would be necessary 

could be the occurrence of surface charging of the interface to ensure that the diameter and the power of the laser beam 

element barrier 19 but this could be avoided by making of laser 44 does not cause excessive radial expansion of 

appropriate adjustments to system conditions, such as liquid charge stream 23 beyond the dimensions of aperture 

increasing the diameter of aperture 27 (e.g. 150 26, i.e., to prevent significant amounts of ion current from 

micrometers). Although increasing the diameter of aperture 60 appearing on the lens 18. 

27 will increase the gas flow necessitating a larger vacuum it should be understood that it would also be possible to 

pump, this will result in a higher tolerance of alignment combine a "matrix" material with the analyte liquid in 

between capillary bore 36 and aperture 27. solution as a variation of the well known matrix assisted 

FIG. 4 shows one way of simplifying the task of aligning laser desorption ionization (MALDI) to ionize the analyte by 

capillary outlet 38 with either aperture 26 of lens 18 of FIG. 65 fast ion-analyte reactions, although here the "matrix" must 

2 or aperture 27 of barrier 19 of FIG. 3. As shown, a permit a solution to be formed rather than a solid, 

generally cylindrical interface cap 18a is provided which fits Essentially, the "matrix" material is selected to absorb 
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energy from the laser beam for the express purpose of the contents of which are hereby incorporated by reference, 

creating reagent ions. The liquid in this instance is usually Capillary tube 16 is enclosed within a heater tube 50 and 

not charged, i.e., there is no large electric field at the heated directly by a low voltage high current power supply 

capillary tip. In addition to creating reagent ions via the 52 using a feedback controller 54 to regulate power supply 

matrix, the laser energy also desolvates the liquid. It should s 52. As shown, the temperature of heater tube 50 is controlled 

be understood that the matrix actually promotes ionization by thermocouple 56. This method of capillary heating is 

as it surrounds the large analyte molecules so that the fast more controllable than the heating method described in 

laser energy creates intact gas phase analyte molecules relation to FIG. 5a. 

which are subsequently ionized by collisions with reagent Ion ^wcc chamber 12 can also be provided with heated 

ions. It should also be understood that by attaching a 10 gas by coupling a heating element to the gas delivery tube 

conventionally known piezoelectric device 17 (FIG. 1) to 0 f gas S0U rce 30a, shown coupled to ion source chamber 12 

capillary body 32, pressure pulses can be applied to the j n FIG. 1. Specifically, this can be accomplished using a 

liquid within capillary tube 16 of FIG. 1. In this way, conventional stainless steel tube (not shown) with appropri- 

capillary tube 16 may act as a single droplet generator, ate dimensions (e.g. having a diameter of approximately 

whose pulse frequency can be synchronized with that of a 15 3.17 millimeters) wrapped around a cylindrical heater (not 

pulse laser. shown) such that the tip of the tubing expels hot N 2 gas 

Still referring to FIG. 1, upon entering vacuum chamber directly at capillary tip 34. This approach ensures that clean 

14, the ions are focussed by appropriate potentials on the gas accompanies the liquid charge stream 23 into first 

AC-only rod set Q0 and guided from first vacuum chamber chamber 14a, and that capillary tip 34, and thus the liquid 

14a through the interchamber aperture 48 in a second 20 flowing through it, is heated. 

interface lens 49 into second vacuum chamber 14b contain- Hcat may also bc applicd to first vacuum chamber 14a 

mg rod set Ql. An AC RF voltage (typically at a frequency using heating tape 47 ( e g such as Fisher Cat No n _ 463 _ 

of about 1 MHz) is applied between the rods of rod set Q0, 22 ° C . type tape) wrapped around the outside of first vacuum 

as is well known, to permit rod set Q0 to perform its guiding chamber 14a in association with a power supply 46, as 

and focusing function. Both DC and AC RF voltages are 25 sho wn in FIG. 1. It should be understood that is also possible 

applied between the rods of rod set Ql so that rod set Ql t0 p r0 vide heat to the system by heating the Q0 rods directly 

performs its normal function as a mass filter, allowing only or other asse mblies within vacuum chamber 14 which can 

ions of selected mass to charge ratio to pass through to the assist droplet desolvation using such phenonemon as black 

second rod set Q2 for detection by ion detector 28. body rad i a uon and heating of residual gases. It should also 

In known manner, if rod set Q2 is enclosed and configured 30 be noted that by heating these components, deleterious 

as a collision cell, the precursor ions, selected by rod set Ql, contamination effects can also be avoided, 

can be fragmented by rod set Q2 and further mass analyzed while it is desirable l0 use heating melhods ^ discussed 

by rod set Q3. This gives a known MS/MS result. abovc to desolvatc thc Ta y lor cone of thc liquid charge 

As previously discussed, reasonably low pressures must 3s stream 23, it should be understood that if too much heat is 

be maintained in first and second vacuum chambers 14a and applied to capillary tube 16, not all of liquid charge stream 

Ub to ensure the proper transmission of ions through 23 will pass through aperture 26 in lens 18. As heat is 

vacuum chamber 14. If the pressure within vacuum chamber applied, the droplet surface tension of the liquid is reduced 

14 is increased outside the preferred range, ion signal and/or an d the liquid charge density will be able to overcome the 

resolution falls off substantially. ^ surface tension sooner which reduces the length of the 

For certain applications, it is useful to maintain the Taylor cone of liquid charge stream 23. This increases the 

temperature of liquid charge stream 23 as high as practical possibility that ions will strike lens 18. Further, when added 

possible, to increase desolvation of the droplets that are heat causes the liquid to boil, gas bubbles will disrupt the 

eventually formed in vacuum chamber 14a. Increasing the shape of the liquid at the capillary tip, causing unstable 

temperature of the ion charge stream 23 can be achieved by 45 charging of the Taylor cone of liquid charge stream 23. 

applying heat to the capillary tube 16 to heat the liquid FIG. 6 shows an alternative liquid charge heating 

inside. The liquid inside capillary tube 16 can be heated technique, namely a microwave generator 72 configured 

using piezoelectric heating, microwave heating, ultrasonic within ion source appara(us 10 for heating and thus, for 

heating, and infrared heating. promoting the desolvation of the liquid droplets from the 

FIG. 5a shows the conventionally known method of 50 Taylor cone of liquid charge stream 23. This configuration 

heating the liquid flowing through capillary tube 16 by provides a standing wave of energy at the entrance to the first 

heating capillary tube 16 by heating ion source chamber 12, vacuum chamber 14a, the energy of which causes desolva- 

as shown by band heater 64. The pressure and composition tion of the liquid droplets of the Taylor cone of the liquid 

of gas(es) within ion source chamber 12 are controlled by a charge stream 23, preferably in the vicinity of the entrance 

gas manifold (not shown). 55 rod set Q0. It should be understood that other methods of 

Gas source 30a is used to provide a gas (e.g. N 2 ) to conventionally known liquid droplet desolvation could be 

maintain ion source chamber 12 at a pressure of between 10 s used in conjunction with the microwave heating method 

pascals (i.e. atmospheric pressure) to 2x10 s pascals (i.e. two described above. 

atmospheres). Gas source 30a is typically N 2 , but other It should be understood that many different convention- 
gases which are more effective at suppressing discharges or 60 ally known ion transport and containment techniques may 
heat transfer characteristics can also be used. Pressures over also be used within the present apparatus. One particularly 
atmosphere also act to suppress discharges, especially in the noteworthy containment mechanism for directing ions into 
case where negative ions are being generated. Using this ma ss spectrometer 24 is the well known ion funnel 92 as 
configuration, first vacu um chamber 14a can be maintained shown in FIG. 6 and as described in "A Novel Ion Funnel for 
at a relatively low pressure 01 approximately 25 pascals. 6 5 Focusing Ions at Elevated Pressures using Electrospray Ion 
FIG. 5b shows an alternative method of heating the liquid Mass Spectrometry" by Richard Smith et al., Rapid Comm. 
in capillary tube 16, as described in U.S. Pat. No. 4,935,624, Mass Spec, 11, 1813-1817 (1997). It has been experimen- 
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tally determined that maximum efficiency results when ion general terms, the essential concept is to maintain the outlet 

funnel 92 is operated at about 130 pascals. of capillary tube 16 in a relatively high pressure environ- 

It should also be also understood that where the sample ment. The gas pressure surrounding capillary tube 16 needs 

flow rate exceeds approximately 5 microliters per minute, to be high enough to prevent premature boiling of the 

the flow from analyte source 22 (FIG. 1) must be reduced to s solvent, so that a stable Taylor cone is formed. The gas 

this maximum in order to conform to the ESI conditions of pressure also needs to be high enough to prevent corona 

a single Taylor cone. Often, this is not convenient, and it is discharge (very low pressures can prevent corona discharge, 

easier to adapt an ion spray source to accommodate high but arc unacceptable on the boiling criterium just 

flow rates so that it delivers substantially liquid ion current mentioned). The capillary outlet is placed close enough to an 

to the first vacuum region 14a, as shown in FIG. 7. Liquid , fl aperturc m a lcns of thc ^ such that the Xaylor conc 

sample flows through a bore 74 of an ion source capillary 76 extends ^ugh the aperture into a second lower pressure 

and emerges from a capillary tip 77. A voltage difference chamber, before it substantially disperses or breaks down 

between the liquid in the capillary 76 and the cone-shaped ^to charged droplets> pre ssure in the low pressure 

lens 18 typically creates multiple Taylor cones of the liquid chamber will in general depend upon the requirements of 

from the capillary Up outer edge 79 (shown schematically). 15 other eleme nts housed by the low pressure chamber. For 

High speed gas flowing axially between a nebulizer tube 78 example, if quadrupole rod sets or other ion focussing 

and capillary 76, reduces the size of the larger charged devices are used in the low pre ssure chamber, their charac- 

droplets. The capillary tip 77 is placed close enough to the leristics wU1 de termine a desired pressure in the low pressure 

aperture 26 of lens 18 to ensure that a significant ion current chamber 

of substantially liquid form flows through aperture 26. The 20 n ^ techni of ^ , inventio[) ^ ^ 

htgh speed nebuhzer gas assists in transporting charged advant of discharging lhe elec trospray into a high pres- 

liqmd quickly towards the aperture 26 wbde .the cone shape smc ^ wh;le enab|i >u of Xantially alt of the 

of lens 18 aHowsfor a smooth flow of the nebulizer gas over elect stream t0 be transferred into a lo ' w e 

the surface of lens 18. In FIG. 7 aperture 26 * sized to have fo wh6fe the ions c&n be desolvated mU J tad and 

a diameter of approximately 250 micrometers, the distance 25 focussed ^ js ^ ^ a ve h; ^ of 

between the capillary tip 77 and the lens aperture 26 is effid for ion ation and much rcduced ion , oss 

approx.raa ely 1 millimeter and the dtameter of the capillary AddjtionaU 0Q , a smlll rture is r ired between , he 

bore 74 * typically greater than 100 micrometers. Although K ; m& ^enbly reducing the pump- 

a single on-axis ion spray capillary 76 and nebulizer tube 78 ■ „„„■ ■ . , ' ■„„ 

° ...... . . •■ i mg requirements in the low pressure region. 

are shown, multiple simultaneous sprayers could easily be ,„ ° .„ . . x . . * . 

configured for use. An ion spray could have a high flow rate , " Wl11 be appreciated that the ion source or gas phase ions 

of, for example, 200 microliters per minute. At this flow rate, of present invention can be supplied to any suitable ion 

it is only necessary for a small fraction, for example, 5% to ™ blllt y »f» ator downstream of first vacuum chamber 

pass through the aperture 26, and this will still give an 14«, possibly for application to any suitable spectrometer, 

adequate ion current. „ including tandem mass spectrometers, time of flight (TOF) 

A1i , , .« c - , , , al _ , spectrometers, and in general any mass analyzer or mass 

Although the use of first vacuum chamber 14a as the only r . • ■ j i * J i • ■ i 

, . . « i_ * . « spectrometer requiring desolvated ions in a very low pres- 

lntermediate chamber between ion source chamber 12 (at r . 

. 4 4 . „ . . i v sure environment, 

substantially atmospheric pressure) and second vacuum . ... 

chamber 14* (at pressures necessary for satisfactory mass ^ w»U be apparent to persons skilled in the art various 

spectral performance) has been described, it should be 40 modifications and adaptations of the structure described 

understood that a series of said chambers, each having above are P ossible without departure from the present 

successively lower pressures, could be used in place of first invention, the scope of which is defined in the appended 

vacuum chamber 14a. Further, each chamber could be claims, 

provided with one or more aforementioned containment Wbat 15 claime d * s: 

mechanisms. Also, although entrance rod set Q0 in vacuum 45 1 M a PP aratus for providing gas phase ions in a rela- 

chamber 14a has been described as quadrupolar it should be lively low pressure region from a liquid, the apparatus 

understood that multipolar configurations such as hexapole comprising: 

or octopole are possible. In addition, techniques to create an ( a ) a capillary tube, said capillary tube having an input for 

axial field using ion containment such as the apparatus receiving the liquid, a longitudinal bore, and an outlet 

described in U.S. Pat. No. 5,847,386, could also be applied 50 for discharging said liquid at a preset flow rate into a 

to ion source apparatus 10. first region at a relatively high pressure; 

By appropriately selecting a particular set of capillary (b) a first interface element with an aperture therein and 

dimensions, lens or barrier apertures, capillary to counter- separating said first region from a second region at a 

electrode voltage and spacing, capillary to lens or barrier relatively low pressure; 

spacing, surrounding pressure and heat, an appropriate com- 55 (c) an electrode located downstream from the outlet of the 

bination of desolvation devices, an appropriate combination capillary tube; and 

of vacuum chambers for desolvation and ion transport, the (d) a voltage source for generating a voltage potential 

present invention provides the advantages of improved flow between said liquid in the capillary tube and said 

of ions into vacuum from an electrospray source such that a electrode; 

low volume of gas is admitted into the vacuum chamber 60 wherein the outlet of the capillary tube is aligned with the 

along with the ions, such that corona effects are avoided, aperture of the first interface element and is positioned 

such that boiling does not occur, and such that the lab directly in front of, and in close proximity to the aperture of 

footprint of requisite pumping equipment is reduced. the first interface element, whereby, in use, with a sufi^cient 

The lens 18 or barrier 19 have been described as sepa- voltage potential applied between the liquid and the elec- 

ratingan atmospheric pressure region from a vacuum region, 65 trode to form an electric field sufficient to cause the liquid 

and it has been noted that the pressure in chamber 12 could stream flowing through the outlet of the capillary tube at the 

be up to 266 pascals (i.e. 2 atmospheres). However, in preset flow rate to become a liquid stream in the form of a 
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Taylor cone having a jet region that originates at the outlet between said capillary tube and said electrode in the range 

of the capillary tube and flows through the aperture of the of 500 volts and 1600 volts. 

first interface element into the second region and substan- 15. An apparatus as claimed in claim 1, wherein a 

tially desolvates into gas phase ions in the second region, piezoelectric device is coupled to the capillary tube for 

and wherein the spacing between the outlet of the capillary 5 applying a series of pressure pulses to the liquid within the 

tube and the aperture of the first interface element is such capillary tube to cause said capillary tube to expel a series 

that the jet region of the Taylor cone is positioned within the of liquid stream droplets. 

aperture of the first interface element so that the liquid 16. An apparatus as claimed in claim 1, wherein a 

stream disperses into charged droplets substantially in the piezoelectric device is coupled to the capillary tube for 

second region. 3Q applying a series of pressure pulses to the liquid within the 

2. An apparatus as claimed in claim 1, which includes capillary tube, the frequency of said series of pressure pulses 
heating means for supplying energy to droplets in the second being synchronized with the frequency of operation of the 
region to promote vaporization. i aser 

3. An apparatus as claimed in claim 2, wherein the heating 17 ^ apparatus as claimed in claim 3, wherein the laser 
means comprises a laser mounted such that the beam from comprises a solid state laser. 

the laser intersects the liquid stream as it emerges into the 15 lg ^ ^ as daimed iQ daim ? wherdQ ^ ion 

ekmem regl0n ^ in the SeCOnd ° hamber com P rises one of a q^drupole 

M » " 1 • j ■ u ■ u c -a. rod set and an ion funnel. 

4. An apparatus as claimed in claim 2, which further m a * 1 • -1 ■ 1 • 1 i_ ,1. 
comprises a first chamber defining the first region with the M apparatus as clamed in claim l, wherein the 
capillary tube located in the first chamber, second chamber 20 "P"" 4 ? lube 1S «md»cUve. 

defining the second region, and wherein the heating means . 20 ; M apparatus as claimed in claun 1, wherein the first 

includes means for heating the second chamber. ' nterfa f element is conductive- and wherein said first inter- 

5. An apparatus as claimed in claim 4, wherein the heating face element and said electrode are integral with one 
means comprises at least one of: means for supplying gas to another. ..... . . , „ 

the second chamber and for heating the gas; a laser for 25 . 21. An apparatus as claimed in claim 1, where.n the first 

irradiating the droplets to heat said droplets; a microwave lnt f? ace element 15 an «>^*tor. t 

generation means for heating droplets with microwave „ 22 : apparatus as clamed in claim 1, which add.t.on- 

energy; an infrared heater for heating said droplets with ally jncludes a nebulizer tube ax.ally located around the 

infrared heat; and a heater including a length of heating tape "pdlary tube for providing a flow of relatively high speed 

wrapped around the outside of the second chamber to 30 gas co ax.ally with the charged liquid stream 

provide thermal heat to said droplets. . ^ a PP aratus as cla ™ ed » claun l > ***** * e first 

6. An apparatus as claimed in claim 5, which additionally ^terface element is provided with a bore and wherein a cap 
includes means for heating the capillary tube, to promote f P rov L lded m ° unted W1 * in l L he bore a " d arc T ^ C ??" 
vaporization of droplets lar y tubc ' to definc a ll P chambcr into which the outlet of the 

7. An apparatus as claimed in claim 4, which includes an 35 capillary tube opens, the cap including holes providing 
ion guide in the second chamber for collecting and guiding communication between the tip chamber and the first region 
^ ons and providing the aperture. 

1 8.' An apparatus as claimed in claim 4, which includes a ?4. An apparatus as claimed in claim 23, which includes 

third chamber and pump means for evacuating the second at leas ! ™ e of: u a shou ^ er on *» tube locatin 8 ' the 

and third chambers to a sub -atmospheric pressure, a mass 40 cap a xially on the capillary tube, and cooperating shoulders 

spectrometer located in the third chamber, a second interface ° n ca P and th u e b ° re of J • mterfa< ? element > locatin S 

element separating the second and third chambers, and a lhQ ™V Wlthm the bore ° f th * ^st mterface elemenL 

further aperture in the second interface element providing . 25 ' ^ VP™*? claim f d ™ cla ™ 24 > whe ;™ the ca P 

communication between the second and third chambers, 15 fo ™* d of ^ctncaUy conductive material, and wherein an 

wherein the apparatus is configured to be operated such that 45 ms ^ ato A r 15 P r0Vlded bet ™ en tbe ca P , and capillary tube 

the pressure in the second chamber is less than the pressure . 26 * ^ a PP aratus 85 daimed 10 c ] aim 24 01 2 /> wh c lch 

in the first region and the pressure in the third chamber is less includcs ascal betwccn ca P and thc borc of thc firsl 

than the pressure in the second chamber. interlace element. 

9. An apparatus as claimed in claim 1, wherein the }]; An apparatus for providing gas phase ions in a 
diameter of the outlet of the capillary tube is less than or 50 relatlvel y pressure region from a liquid including a 
equal to the diameter of the aperture of the first interface matm matenal > the apparatus comprising: 

element ( a ) a capillary tube, said capillary tube having an input 

10. An apparatus as claimed in claim 1, wherein the receiving the liquid, a longitudinal bore, and an outlet 
diameter of the outlet of the capillary tube is in the range of for discharging said liquid at a preset flow rate into a 
12 micrometers and 125 micrometers. 55 first ™& on at a relatively high pressure; 

11. An apparatus as claimed in claim 1, wherein the 0>) pulsing means coupled to the capillary tube for 
diameter of the aperture of the first interface element is in the providing a series of pressure pulses to the liquid within 
range of 5 micrometers to 500 micrometers. the capillary tube to cause said capillary tube to expel 

12. An apparatus as claimed in claim 10, wherein the a series of liquid stream droplets; 

diameter of the aperture of the first interface element is in the 60 (c) a first interface element with an aperture therein and 

range of 5 micrometers to 500 micrometers. separating said first region from a second region at a 

13. An apparatus as claimed in claims 1, 10, 11 or 12, relatively low pressure; 

wherein the outlet of the capillary tube is spaced from the (d) desolvation means for desolvating the liquid stream 

aperture of the first interface element by a distance in the droplets into gas phase ions in the second region, 

range of 50 and 500 micrometers. 65 wherein the outlet of the capillary tube is aligned with the 

14. An apparatus as claimed in claim 1, wherein the aperture of the first interface element and is positioned 
voltage source is capable of providing a potential difference directly in front of, and in close proximity to, the aperture of 
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the first interface element, whereby, in use, when said 
pulsing means provides sufficient pulsing action to the 
capillary tube to cause the liquid stream flowing through the 
outlet of the capillary tube at the preset flow rate to become 
pulsed liquid stream that originates at the outlet of the 
capillary tube and flows through the aperture of the first 
interface element into the second region, said desolvation 
means interacts with said matrix material to create reagent 
ions and to substantially desolvate said pulsed liquid stream 
into gas phase ions in the second region, and wherein the 
spacing between the outlet of the capillary tube and the 
aperture of the first interface element is such that the liquid 
stream issuing from the outlet of the capillary tube is 
substantially drawn through the aperture of the first interface 
element into the second region before dispersing into 
charged droplets in the second region. 

28. An apparatus as claimed in claim 27, wherein the 
pulsing means is a piezoelectric device. 

29. An apparatus as claimed in claim 27, wherein the 
desolvation means comprises a laser for irradiating the 
droplets to heat said droplets. 

30. An apparatus as claimed in claim 27, which includes 
a third chamber and pump means for evacuating the second 
and third chambers to a sub -atmospheric pressure, a mass 
spectrometer located in the third chamber, a second interface 
element separating the second and third chambers, and a 
further aperture in the second interface element providing 
communication between the second and third chambers, 
wherein the apparatus is configured to be operated such that 
the pressure in the second chamber is less than the pressure 
in the first region and the pressure in the third chamber is less 
than the pressure in the second chamber. 

31. An apparatus as claimed in claim 27, wherein the first 
interface element is conductive. 

32. An apparatus as claimed in claim 27, wherein the 
diameter of the outlet of the capillary tube is less than or 
equal to the diameter of the aperture of the first interface 
element. 

33. An apparatus as claimed in claim 27, wherein the 
diameter of the outlet of the capillary tube is in the range of 
12 micrometers and 125 micrometers. 

34. An apparatus as claimed in claim 27, wherein the 
diameter of the aperture of the first interface element is in the 
range of 5 micrometers to 500 micrometers. 

35. An apparatus as claimed in claim 33, wherein the 
diameter of the aperture of the first interface element is in the 
range of 5 to 500 micrometers. 

36. An apparatus as claimed in claim 27, wherein the 
outlet of the capillary tube is spaced from the aperture of the 
first interface element by a distance in the range of 50 and 
500 micrometers. 

37. A method of forming gas phase ions in a relatively low 
pressure region from a liquid, the method comprising the 
steps of: 

(a) directing the liquid through a capillary tube having an 
outlet to provide a liquid stream at a preset flow rate 
into a first region at a relatively high pressure; 

(b) providing an electrode downstream from the outlet; 

(c) providing a first interface element including an aper- 
ture and separating the first region from a second region 
at a relatively low pressure; 

(d) positioning the capillary tube such that the outlet of the 
capillary tube is aligned with the aperture of the first 
interface element and is positioned in front of, and 
inclose proximity to, the aperture of the first interface 
element; 

(e) applying an electric potential between the liquid 
within said capillary tube and the electrode to form an 
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electric field sufficient to cause said liquid stream to 
form a liquid stream in the form of a Taylor cone having 
a jet region; and 
(f) locating the cutlet of the capillary tube at a such a close 
distance from the aperture such that said jet region of 
the Taylor cone is positioned within the aperture of the 
first interface element such that the liquid stream dis- 
perses into charged droplets substantially in the second 
region. 

38. A method as claimed in claim 37, wherein the step of 
applying an electric potential to the liquid within the capil- 
lary tube consists of applying the electrical potential 
between the first interface element and the capillary tube. 

39. A method as claimed in claim 37, further comprising 
15 heating the droplets in the second region to promote vapor- 
ization of the droplets. 

40. A method as claimed in claim 37, which includes 
irradiating the liquid in the second region with electromag- 
netic radiation, to heat the liquid and promote vaporization 

20 of solvent. 

41. A method as claimed in claim 40, which includes 
irradiating the liquid emerging from the aperture into the 
second region with a laser beam. 

42. A method as claimed in claim 39, which includes 
heating the liquid in the second region by one of: providing 
a heated gas in the second region; and heating the liquid with 
microwave energy. 

43. A method as claimed in claim 39, which additionally 
comprises heating the capillary tube, to heat the liquid, 
thereby to promote vaporization of liquid droplets in the 
second region. 

44. A method as claimed in claim 39, which includes 
collecting and guiding the ions in the second region in an ion 
guide. 

45. A method as claimed in claim 42, which includes the 
additional steps of: 

(1) focusing the ions with the ion guide; 

(2) providing a mass spectrometer and separating the 
mass spectrometer from the second region with a 
second interface element plate including a further aper- 
ture; 

(3) causing the focused ions to pass through the further 
aperture into the mass spectrometer; and 

(4) mass analyzing the ions with the mass spectrometer. 

46. A method as claimed in claim 45, which includes 
maintaining the pressure in the mass spectrometer at a lower 
pressure than the pressure in the second region. 

47. A method of forming gas phase ions in a relatively low 
pressure region from a liquid containing a matrix material, 
the method comprising the steps of: 

(a) directing the liquid through a capillary tube having an 
outlet to provide a liquid stream at a preset flow rate 
into a first region at a relatively high pressure; 

(b) providing a first interface element including an aper- 
ture and separating the first region from a second region 
at a relatively low pressure; 

(c) positioning the capillary tube such that the outlet of the 
capillary tube is aligned with the aperture of the first 
interface element and is positioned in front of, and in 
close proximity to, the aperture of the first interface 
element; 

(d) applying pressure pulses to the capillary tube to cause 
said capillary tube to expel a series of liquid charge 
stream droplets to cause the liquid stream flowing 
through the outlet of the capillary tube to become a 
pulsed liquid stream that originates at the outlet of the 
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capillary tube and flows through the aperture of the first 
interface element into the second region; 

(e) locating the outlet of the capillary tube at a such a close 
distance from the aperture such that the liquid charge 
stream issuing from the outlet of the capillary the is 
substantially drawn through the aperture of the first 
interface element into the second region before dispers- 
ing into charged droplets in the second region; and 

(f) desolvation said droplets into gas phase ions in the 
second region. 

48. A method as claimed in claim 47, wherein step (f) 
comprises heating the droplets,. in the second region to 
promote vaporization of the droplets. . 
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49. A method as claimed in claim 47, wherein step (f) 
includes irradiating the liquid in the second region with 
electromagnetic radiation, to heat the liquid and promote 
vaporization of solvent. 

50. A method as claimed in claim 49, wberein step (f) 
includes irradiating the liquid emerging from the aperture 
into the second region with a laser beam. 

51. A method as claimed in claim 49, wherein step (f) 
includes heating the liquid in the second region by one of: 
providing a heated gas in the second region; and heating the 
liquid with microwave energy. 
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